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Abstract
Mediterranean lagoons experience pronounced seasonal forcing and sharp environmental gradients that can
generate strong spatiotemporal variability in phytoplankton composition. We investigated seasonal changes
in diatom community beta diversity in El Mellah Lagoon (Algeria) based on four field campaigns performed
in 2016 at 31 stations spanning littoral and pelagic sectors. Spatial beta diversity within each season was
estimated using Jaccard dissimilarity and decomposed into turnover and nestedness components to clarify
whether among-station differences were primarily driven by species replacement or richness-related
patterns. Temporal change between successive seasons was quantified using the Temporal Beta Index (TBI),
separating species losses from gains at the station level. The contribution of individual taxa and sites to
overall compositional variability was assessed using SCBD and LCBD indices, and spatial dependence was
evaluated using Moran’s I and variogram parameters prior to kriging-based mapping. Seasonal typologies
were further explored using a Factor Analysis of Mixed Data (FAMD) integrating beta-diversity descriptors
with measured environmental variables. Beta-diversity patterns differed strongly among seasons, and
temporal transitions showed contrasting loss–gain balances, indicating that seasonal change in
composition was not symmetric across the annual cycle. Spatial autocorrelation and variogram ranges
varied by season and by beta-diversity component, highlighting shifts between more clustered and more
spatially diffuse configurations. A limited set of taxa contributed disproportionately to beta diversity, while
several stations emerged as recurrently distinctive assemblages. Overall, these results illustrate how
integrating beta-diversity partitioning, contribution metrics and geostatistical analyses can be used to
describe seasonal and spatial community change in Mediterranean lagoon systems

Introduction
However, in Mediterranean lagoons, where strong environmental variability co-occurs with multiple human-
mediated influences (Bellino et al. 2019; Gálvez et al. 2023), beta-diversity patterns and their drivers remain
insufficiently documented.

Biodiversity loss represents one of the most pressing ecological challenges of our time. While traditional
studies have predominantly focused on species richness as the primary metric of biodiversity change, recent
research has increasingly highlighted the importance of community composition, which varies across both
spatial and temporal dimensions (Baselga 2010; Soininen et al. 2017a). Beyond local richness,
compositional turnover-or beta diversity-provides a complementary view of biodiversity change and has been
increasingly used to describe ecological variation in aquatic ecosystems( Rega et al. 2023; Rolls et al. 2023;
Marion et al. 2017; Nakov et al. 2019)

Two principal patterns can characterize beta-diversity change: biotic homogenization, where communities
become more similar across time or space, and biotic differentiation, where dissimilarity among
communities increases (Rolls et al. 2023; He et al. 2023). Both patterns have been widely reported across
ecosystems and are often discussed in relation to environmental change and human disturbance (Carvalho
et al. 2012). Yet, most syntheses and large comparative studies have focused on terrestrial ecosystems or
large aquatic systems, leaving a gap for small, heterogeneous transitional waters such as Mediterranean
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coastal lagoons, where local gradients, hydrodynamics, and human activities interact over short distances
(Pitacco et al. 2019) .

The drivers underlying beta-diversity patterns are complex and multifaceted. Recent studies suggest that
observed patterns arise from the joint influence of seasonal environmental variability, disturbance regimes
(Tatsumi et al. 2020), species dispersal capacity and habitat connectivity (Yao et al. 2024), habitat
degradation (Guelu et al. 2024), and biotic interactions (Hammill et al. 2018). In coastal lagoons, these
drivers operate simultaneously across multiple temporal scales—from daily hydrodynamic fluctuations to
seasonal cycles—creating highly dynamic environmental mosaics (Heilpern 2018). Such mosaics can
homogenize communities when conditions converge across sites or, conversely, promote differentiation
when spatial gradients and niche contrasts intensify.

Within this context, the El Mellah Lagoon (northeastern Algeria) offers a relevant case study to examine how
community composition varies across space and seasons in a Mediterranean lagoon exposed to marked
environmental gradients and multiple human-mediated influences. Previous work in El Mellah Lagoon has
documented its physicochemical setting and seasonal plankton dynamics (Draredja et Kara 2004 ; Draredja
2007; Draredja et al. 2019) and its sedimentary dinoflagellate cyst assemblages (Draredja et al. 2020).
Additional studies have highlighted potential stressors including nutrient enrichment linked to domestic and
agricultural inputs, restricted water exchange in semi-enclosed zones, elevated organic matter loads, and
localized physical disturbances associated with shoreline activities (Amara et al. 2017; Kherifi et al. 2019;
Larouci et al. 2024). Together, these factors contribute to spatial and temporal heterogeneity in
environmental conditions that can structure biological communities and shape beta-diversity patterns
through turnover and nestedness processes.

Diatoms (Bacillariophyceae) provide a useful biological model for investigating these dynamics. With high
species diversity, short generation times, and well-known sensitivity to environmental gradients-including
nutrients, salinity, pH, and oxygen availability-diatoms respond rapidly to changing conditions and integrate
environmental variation over ecologically relevant timescales (Jamoneau et al. 2017; Wu et al. 2022a). Their
taxonomy and ecology are relatively well established, supporting robust community-based analyses in
transitional waters. We focused on water-column samples because El Mellah is shallow and frequently
mixed, leading to a structurally mixed assemblage that includes planktonic and tychoplanktonic taxa.

This study addresses the central question of how diatom beta diversity reflects spatiotemporal variation in a
Mediterranean coastal lagoon characterized by strong seasonality and heterogeneous environmental
conditions? We hypothesize that beta-diversity patterns will show spatial differentiation associated with
lagoon-scale gradients, with temporal shifts reflecting seasonal changes in environmental conditions.
Specifically, we aimed to: (i) characterize the seasonal structuring of diatom community composition across
the lagoon, (ii) decompose beta diversity into turnover and nestedness components to identify the dominant
mechanisms underlying community differences among stations, and (iii) examine associations between
observed beta-diversity patterns and measured environmental variables. In the present study, measured
nutrient concentrations and chlorophyll-a were used as proxies of trophic status, allowing diatom community
patterns to be interpreted along a quantified eutrophication gradient; however, it adopts a correlative
framework and does not directly quantify specific nutrient sources. By addressing these objectives, this work
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contributes to improving our understanding of spatiotemporal community variation in Mediterranean
transitional waters and provides a basis for interpreting beta-diversity patterns in relation to environmental
gradients in coastal lagoons.

Materials and Methods
Study Area

The El Mellah Lagoon is located in northeastern Algeria (36°54′ N, 8°20′ E) along the Mediterranean coast
(Fig. 1). It forms part of El Kala National Park, a protected area recognized for its high ecological diversity
and designated as a Ramsar site in 2004.

The lagoon has an elongated ovoid shape, oriented from north-northwest to south-southeast, and covers
approximately 865 hectares. It is approximately 4.5 km long and 2.5 km wide. A natural channel,
approximately 900 m long, connects the lagoon to the Mediterranean Sea, allowing partial hydrological
exchange between marine and lagoonal waters. The depth varies spatially, reaching up to 6 m in the central
zone, with steep slopes on the western side. The eastern sector is shallower, rarely exceeding 2 m in the first
500 m before a marked slope break (Guelorget et al. 1982). A dune belt rising to 177 m altitude lies to the
northeast, shaping much of the surrounding landscape. The lagoon is bordered by the Mediterranean Sea to
the north, El Kala Wildlife Park and Ain Khiar Forest to the south, Boumalek Forest and peri-urban area of El
Gantra El Hamara to the east, and the localities of El Mellah and Souk Rguibet to the west.

Sampling Design

This study assessed the ecological status of El Mellah Lagoon using a spatial and temporal beta-diversity
framework based on phytoplankton composition, with diatoms considered as the model taxon. Sampling
stations were randomly located within predefined spatial constraints, forming a spatially structured point
pattern that covered both littoral and pelagic zones. The spatial arrangement of stations was designed to
capture major environmental gradients and to allow the joint analysis of spatial variability in physicochemical
parameters and beta diversity.

A total of 31 georeferenced stations were established (Fig. 1b), following the recommendations of Legendre
and Fortin (1989). This number of stations was considered sufficient to detect significant spatial
autocorrelation, given the relatively low landscape heterogeneity of the lagoon (Delmeile 2009; Ver Hoef
2002). Stations were spaced approximately 500–700 m apart, with a higher density near the shore to better
capture fine-scale spatial variability, and each sampling unit was defined by a circular area with a radius of
5–7 m. Four seasonal sampling campaigns were conducted in 2016, each lasting two to three days, to
capture temporal variations. At each station, both phytoplankton community composition and environmental
variables-including nutrient concentrations, chlorophyll-a, and physicochemical parameters-were recorded.

Phytoplankton sampling and preservation

To characterize diatom assemblages in the photic zone (including planktonic and tychoplanktonic taxa),
quantitative sampling was conducted using a Niskin bottle. At each station, three 1‑L subsamples were
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collected at 0.5 m depth and pooled to obtain a homogenized composite sample (3 L), from which a 1.5‑L
aliquot was retained for laboratory analyses. During fieldwork, samples were kept chilled in an ice cooler and
transported to the laboratory.

Upon arrival at the laboratory, the 1.5-L composite sample was subsampled. One fraction was filtered onto
GF/F glass-fiber filters (47 mm; 0.7 µm nominal pore size) for chlorophyll-a determination, and the filtrate
was used for dissolved nutrient analyses. The remaining fraction was preserved for quantitative
phytoplankton counts.

Laboratory analyses

A subsample was filtered through Whatman™ GF/F filters (0.7 µm pore size) and the filtrate was used to
quantify dissolved nutrients (NO₃⁻, NO₂⁻, NH₄⁺, PO₄³⁻, and SiO₂). Analyses were performed by standard
colorimetric methods using a multiparameter bench photometer (HI 83200, Hanna Instruments®,
Woonsocket, RI, USA). Nitrates (NO₃⁻) were determined by the cadmium reduction method (EPA Method
353.2, U.S. Environmental Protection Agency, 1993), nitrites (NO₂⁻) by the diazotization method (EPA Method
354.1, U.S. Environmental Protection Agency, 1971), ammonium (NH₄⁺) by the Nessler method (ASTM
D1426, ASTM International, 2021), phosphates (PO₄³⁻) by the ascorbic acid method ((EPA Method 365.3, U.S.
Environmental Protection Agency, 1978)), and silicates (SiO₂) by the heteropoly molybdenum blue method
(ASTM D859, ASTM International, 2016). All procedures were performed following the manufacturer's
instructions (Hanna Instruments, n.d.). Chlorophyll a was measured after filtration onto GF/F glass-fibre
filters (0.7 µm), pigment extraction in 90% acetone for 24 h (cold, dark), and spectrophotometric readings at
665 and 750 nm before and after acidification following Lorenzen (1967), with chlorophyll a and
pheopigments calculated from the corresponding equations (Rodier et al. 2016).

For quantitative phytoplankton (diatom) analyses, samples were immediately preserved with alkaline Lugol’s
iodine (final concentration 1% v/v) and stored in the dark at 4°C until analysis (≤ 3 months after sampling).
Quantification followed the Utermöhl inverted-microscopy method (NF EN 15204): 10–50 mL (depending on
turbidity) was allowed to settle in sedimentation chambers (26 mm internal diameter) for ≥ 24 h, and counts
were performed at ×20 in randomly selected fields until ≥ 400 counting units (cells) were recorded per
sample. Cell densities (ind. mL⁻¹) were calculated from the ratio of the total chamber area to the observed
area, with the field diameter calibrated using a stage micrometer and ImageJ.

Taxa were identified using inverted and upright microscopes with standard floras (Hasle et al. 1995) and
online databases (e.g., AlgaeBase, WoRMS, PlanktonNet, DiatomBase)

Statistics methods

To evaluate how diatom community composition varied across the lagoon and through the seasonal cycle,
we applied a complementary set of beta-diversity, ordination, and geostatistical analyses. This workflow was
designed to quantify spatial and temporal compositional change, identify the genera and stations
contributing most to these patterns, and assess whether beta-diversity metrics exhibited spatial
autocorrelation and interpretable spatial structure.
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Beta-diversity analyses were conducted in R(R Core Team 2023) using adespatial on a sites × genera matrix.
Presence–absence (0/1) data were used to quantify spatial beta diversity within each campaign (winter,
spring, summer, fall) using Jaccard dissimilarity and its partitioning into turnover/replacement (repl) and
nestedness/richness-difference (rich) components, following established partitioning frameworks (Baselga
2010, 2012; Podani and Schmera 2011; Carvalho et al. 2012 ; Legendre 2014) and implemented with
beta.div.comp().

Because beta.div.comp() returns pairwise dissimilarities, repl and rich were summarized at the station level
(mean across all pairwise comparisons per station within each campaign) to allow paired comparisons and
regressions describing the balance between components across stations.

Temporal beta diversity between consecutive seasons (T1 vs T2) was assessed at each station using the
Temporal Beta-diversity Index (TBI) (Legendre 2019), implemented with TBI(), which decomposes total
change into losses (B) and gains (C). Paired comparisons and regressions were used to summarize whether
temporal changes were dominated by losses vs gains and to describe the B–C relationship across stations;
given potential spatial dependence among stations, these summaries were interpreted descriptively and
complemented by geostatistical analyses.

Local and species contributions to beta diversity were computed using the “beta diversity = variance”
framework (Legendre and De Cáceres 2013). Abundance data were Hellinger-transformed (Legendre and
Gallagher 2001), and total beta diversity, LCBD and SCBD were obtained with beta.div(); LCBD was
interpreted as station compositional uniqueness and SCBD as the contribution of genera to overall
compositional heterogeneity.​

Seasonal patterns were explored using Factor Analysis of Mixed Data (FAMD) (Pagès 2020 ; Legendre and
Legendre1987), implemented in FactoMineR via Factoshiny (FAMDshiny), integrating environmental variables
(Temp, pH, EC, DO, TDS, Sal, NO₃⁻, NO₂⁻, PO₄³⁻, NH₄⁺, SiO₂, Chl-a) together with selected beta-diversity metrics
and the categorical factor season. Spatial structuring of beta-diversity metrics was assessed using global
Moran’s I (Legendre and Legendre1987) and empirical variograms (nugget, sill and range); spatial
interpolation used ordinary or universal kriging depending on the presence of spatial trends, with mapping in
ArcGIS 10.8(ESRI 2019).

Results
Descriptive summary of environmental parameters

To provide environmental context for subsequent analyses, we summarized the main physicochemical
variables across sampling stations and seasons (Table 1).
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Table 1
Descriptive summary of physicochemical parameters

Variable Mean SE Minimum Median Maximum

Temperature (°C) 20.277 0.468 13.000 19.105 29.400

pH 8.0157 0.0236 7.1600 8.0110 9.6150

Electrical conductivity (µS/cm) 269.6 20.1 44.8 240.2 542.0

Dissolved oxygen (mg/L) 6.676 0.195 3.450 6.635 10.630

Total dissolved solids (g/L) 44.486 0.934 26.100 48.650 54.120

Salinity (g/L) 31.783 0.253 27.300 31.800 35.500

Nitrate (NO₃⁻; mg/L) 24.266 0.242 17.200 24.160 38.300

Nitrite (NO₂⁻; mg/L) 1.068 0.136 0.070 0.220 6.500

Phosphate (PO₄³⁻; mg/L) 1.558 0.114 0.100 1.100 5.200

Ammonium (NH₄⁺; mg/L) 2.610 1.310 0.530 1.230 164.0

Silica (SiO₂; mg/L) 2.243 0.100 0.480 1.860 5.000

Chlorophyll-a (µg/L) 3.163 0.199 0.068 2.791 11.33

Descriptive statistics (Table 1) show that water temperature ranged from 13.0 to 29.4°C (mean = 20.3°C) and
pH from 7.16 to 9.62 (median = 8.01). Salinity varied between 27.3 and 35.5 g/L (median = 31.8 g/L), with
electrical conductivity and total dissolved solids also spanning wide ranges across observations. Nutrient
concentrations are reported as ions (mg/L of NO₃⁻, NO₂⁻, PO₄³⁻ and NH₄⁺): NO₃⁻ ranged from 17.2 to 38.3
mg/L, PO₄³⁻ from 0.10 to 5.20 mg/L, and NH₄⁺ showed the largest spread (0.53–164 mg/L), indicating the
occurrence of episodic peaks. Chlorophyll-a ranged from 0.068 to 11.33 µg/L (mean = 3.16 µg/L). Overall,
these values provide descriptive context for subsequent analyses, but they are not used here to infer causal
relationships or to classify conditions against external thresholds.

Taxonomic composition and ecological guilds
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Table 2
Code list of diatom genera and assignment to ecological type (B:benthic, P:planktonic,T: tychoplanktonic).
Code Genre Type Code Genre Type Code Genre Type

Aula Aulacoseira P Achs Achnanthes B Diplo Diploneis B

Cheat Chaetoceros P Achm Achnanthidium B Ento Entomoneis B

Cyclo Cyclotella P Amph Amphora B Gram Grammatophora B

Guina Guinardia P Clima Climacosphenia B Licm Licmophora B

Melo Melosira P Cocc Cocconeis B Navi Navicula B

Odon Odontella P Cymb Cymbella B Pinn Pinnularia B

Para Paralia P Diato Diatoma B Rhop Rhopalodia B

Plagg Plagiogramma B Lyre Lyrella B      

Pleu Pleurosigma B Gyr Gyrosigma B      

Neid Neidium B Frag Fragilaria T      

Rhoi Rhoicosphenia B Syn Synedra T      

Staur Stauroneis B Navi Navicula T      

Strii Striatella B Amph Amphora T      

Suri Surirella B Cymb Cymbella T      

Plagt Plagiotropis B Nitz Nitzschia B/T      

Based on Utermöhl cell counts (cells L⁻¹), the quantitative inventory revealed a clear dominance of benthic
pennate genera (e.g., Navicula, Nitzschia, Amphora, Pinnularia, Diploneis, Surirella and Gyrosigma), indicating
an assemblage largely structured by the benthic compartment. Centric planktonic genera were also well
represented (notably Chaetoceros, Cyclotella, Aulacoseira, Guinardia, Odontella and Paralia), supporting the
presence of a persistent planktonic core. In addition, several tychoplanktonic taxa (e.g., Fragilaria, Synedra
and some Navicula, Nitzschia and Amphora) contributed to a mixed assemblage consistent with benthic–
pelagic coupling (Table 1).

Spatial Beta Diversity

Overall patterns and turnover-nestedness partitioning

To disentangle the mechanisms underlying spatial beta diversity across seasons, we partitioned total spatial
dissimilarity into turnover/replacement (repl) and nestedness/richness-difference (rich) components
(Table 2). Spatial beta diversity (D) and its components (turnover/replacement, repl; nestedness/richness-
difference, rich) were computed for each season across the 31 sampling stations.
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Table 3
Paired t-test comparing seasonal mean values of the spatial beta-diversity components corresponding
to turnover/replacement (repl) and nestedness/richness-difference (rich) across sampling stations (n 

= 31).
Seasons repl (Mean ± SD) rich (Mean ± SD) Mean difference (repl − rich) t-test pvalue

Fall 0.148 ± 0.044 0.120 ± 0.025 0.028 2.36 0.025*

Winter 0.293 ± 0.068 0.239 ± 0.070 0.055 2.35 0.026*

Spring 0.211 ± 0.078 0.159 ± 0.039 0.052 3.02 0.005**

Summer 0.157 ± 0.041 0.142 ± 0.040 0.014 1.19 0.242ns

Significance codes: ns p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

Paired t-tests comparing the spatial beta-diversity components (turnover/replacement, repl, vs
nestedness/richness-difference, rich) across stations (n = 31) showed that repl was significantly higher than
rich in fall (t = 2.36, p = 0.025), winter (t = 2.35, p = 0.026), and spring (t = 3.02, p = 0.005). The largest mean
difference (repl − rich) was observed in winter (0.055), followed by spring (0.052) and fall (0.028). In summer,
the difference between repl and rich was not significant (t = 1.19, p = 0.242).

We then assessed whether seasonal changes in the relationship between repl and rich were consistent
across stations using regression models (Table 3).

Table 4
Seasonal regression models describing the relationship between spatial beta-diversity
components: turnover/replacement (repl) and nestedness/richness-difference (rich)

across sampling stations (n = 31).
Seasons Equation (rich vs repl) R² F p-value

Fall rich = 0.3040 − 1.304 × repl 54.1% 34.19 < 0.001**

Winter rich = 0.4663 − 0.7272 × repl 56.1% 37.00 < 0.001**

Spring rich = − 0.3084 + 6.479 × repl − 19.09 × repl² 32.5% 6.73 0.004**

Summer rich = 0.2047 − 0.3386 × repl 10.5% 3.42 0.075ns

Significance codes: ns p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

The regression models indicate a seasonal shift in the relationship between the two spatial beta-diversity
components (repl vs rich). In fall and winter, rich decreased linearly with increasing repl, with relatively high
explanatory power (R² ≈ 54–56%), suggesting that pairwise compositional differences were mainly
associated with turnover/replacement rather than richness-difference. In spring, the relationship was best
described by a significant quadratic model (R² = 32.5%), indicating a non-linear balance between
components across stations. In summer, the relationship was weak and not significant (R² = 10.5%, p = 
0.075), providing no robust evidence for a consistent repl–rich association.

Spatial structure, autocorrelation and dependence scales
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To test whether spatial beta diversity and its components exhibited global spatial structure within each
season, we computed Moran’s I with associated p-values (Table 4).

Table 5
Seasonal values of Moran’s I (IM) for spatial beta diversity (D) and

its components (repl, turnover/replacement; rich,
nestedness-/richness-difference), with associated p-values.

    Betadiversity component

Seasons I-Test repl rich D

Fall IM 0.66 0.35 0.66

P-value 2.37E-11*** 0.0016** 2.26E-11***

Winter IM 0.244 0.33 0.415

P-value 4.60E-03*** 3.30E-04*** 1.29E-05***

Spring IM 0.45 0.25 0.43

P-value 2.42E-06 0.0046 8.04E-06

Summer IM 0.074 0.232 0.33

P-value 0.154ns 0.00587** 0.00163**

Significance codes: ns p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

Moran’s I indicated significant positive spatial autocorrelation for turnover/replacement (repl) and total
spatial beta diversity (D) in fall, winter and spring (Table 4). For nestedness/richness-difference (rich), spatial
autocorrelation was also significant in fall but weaker (Table 4). By contrast, summer showed no significant
spatial autocorrelation for repl (IM = 0.074, p = 0.154), whereas rich (IM = 0.232, p < 0.01) and D (IM = 0.33, p 
< 0.01) remained significantly structured (Table 4).

To quantify the scale of spatial dependence, we fitted empirical variogram models and extracted nugget, sill
and range parameters for D and its components (Table 5)
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Table 6
Parameters of empirical variogram models (nugget, sill, range in m) for total

spatial beta diversity (D) and its components (turnover/replacement, repl;
nestedness/richness-difference, rich) across seasons.

Seasons Betdiversity-component Nugget Sill Range

Fall repl 1.70E-04 7.00E-04 8.54E + 02

rich 1.00E-04 1.40E-04 1.52E + 03

D 0.00E + 00 5.00E-04 1.01E + 03

Winter repl 6.60E-04 5.60E-04 1.96E + 03

rich 8.60E-04 3.70E-04 9.04E + 02

D 1.64E-04 2.40E-04 2.06E + 03

Spring repl 2.10E-03 8.20E-04 8.54E + 02

rich 3.50E-04 2.20E-04 2.87E + 03

D 1.30E-03 1.70E-03 8.54E + 02

Summer repl 1.20E-04 3.50E-04 1.60E + 03

rich 3.00E-04 2.60E-04 2.87E + 03

D 3.20E-04 1.60E-04 1.16E + 03

Significance codes: ns p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

Variogram models showed that spatial structure in beta diversity was distance-dependent, with ranges on
the order of ~ 0.85–1.96 km for turnover/replacement (repl) and ~ 0.85–2.87 km for nestedness/richness-
difference (rich) across seasons (Table 5). Total beta diversity (D) exhibited shorter spatial ranges in fall–
winter (range = 1.01 km) but longer ranges in winter and spring (2.06–2.87 km) (Table 5). Nugget and sill
values varied among seasons and components, suggesting seasonal differences in short-range variability
(nugget) and in the magnitude of spatially structured variance (sill).

Seasonal maps of D, repl and rich were generated by kriging to highlight the spatial structure of beta-diversity
components across the lagoon (Fig. 2).

The kriging maps (Fig. 4) are consistent with the spatial dependence detected by Moran’s I and with the
variogram ranges. Higher Moran’s I values associated with short-to-intermediate ranges (notably for repl and
D in fall and spring) correspond to more spatially contrasted patterns. In summer, the more homogeneous
patterns are consistent with the lack of significant spatial autocorrelation for repl, while rich and D remain
significantly structured, suggesting a comparatively more continuous (intermediate–longer range) spatial
pattern for these metrics.

Contributions of taxa and sites to beta diversity
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To identify the taxa and sites that contributed most to spatial compositional heterogeneity, we examined
species (SCBD) and local (LCBD) contributions to beta diversity across seasons (Fig. 3).

SCBD revealed that a restricted set of taxa consistently drove spatial compositional heterogeneity within
each season (Fig. 5a). In autumn, the strongest contributions were from Paralia (Para), Aulacoseira (Aula)
and Cymatopleura (Cyma), whereas winter was dominated by Paralia (Para), Nitzschia (Nitz) and Aulacoseira
(Aula). In spring, contributions peaked for Plagiogramma (Plagg), Navicula (Navi), Chaetoceros (Chaet) and
Rhopalodia (Rho), while summer was mainly characterized by Paralia (Para), Navicula (Navi), Plagiogramma
(Plagg) and Aulacoseira (Aula). Overall, only 3–5 taxa per season displayed elevated SCBD values, whereas
most taxa contributed less than 0.05.

LCBD varied across stations and seasons (Fig. 5b), indicating that only a limited number of sites were
consistently distinctive. The most distinctive stations were 8, 9 and 21 in autumn, and 23–24 in winter; in
spring, higher LCBD values clustered in the central–eastern sector. In contrast, summer showed a more
spatially diffuse pattern of elevated LCBD.

Environmental variables affecting spatial beta diversity

FAMD was used to explore seasonal structure by jointly ordinating environmental variables and spatial beta-
diversity metrics (D, repl and rich), with Season included as the active qualitative factor (Fig. 4).

The first two dimensions explained 62.83% of the total variance (Dim1: 40.09%; Dim2: 22.73%). Dimension
descriptions indicated that Season had a strong effect on both Dim1 and Dim2, as shown by one-way
ANOVAs on axis scores (Dim1: R² = 0.961, p < 0.001; Dim2: R² = 0.968, p < 0.001), confirming a pronounced
seasonal structuring of the ordination.

Dim1(Fig. 4b) captured the main seasonal gradient, separating summer from winter. Positive Dim 1 scores
were associated with higher PO₄, NO₂, TDS, temperature, salinity and conductivity (r = 0.69–0.87; all p < 
0.001), whereas negative scores were associated with higher dissolved oxygen (r = − 0.51, p < 0.001) and
higher spatial β-diversity values (rich: r = − 0.55; repl: r = − 0.58; D: r = − 0.73; all p < 0.001). Consistently,
summer showed strongly positive scores on Dim 1(Fig. 4a) (estimate = 3.86, p ≪ 0.001), while winter
showed strongly negative scores (estimate = − 3.57, p ≪ 0.001).

Dim2 represented a secondary gradient primarily driven by autumn. Positive Dim 2 scores were linked to
higher dissolved oxygen, conductivity and salinity (OD: r = 0.78; CE: r = 0.69; Sal: r = 0.59; all p < 0.001), while
negative scores were associated with higher temperature (r = − 0.65, p < 0.001) and lower values of D, repl
and rich (D: r = − 0.54; repl: r = − 0.42; rich: r = − 0.42; all p < 0.001). Season-level estimates supported this
pattern, with fall contributing most strongly and positively to Dim2(Fig. 4a) (estimate = 3.44, p ≪ 0.001),
whereas spring, winter and summer were negative on this axis.

Temporal Beta Diversity
Asymmetry and coupling in species losses and gains
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Paired comparisons of temporal beta-diversity components (losses, B, vs gains, C) revealed clear contrasts
among seasonal transitions (Table 6).

Table 7
Paired t-tests comparing mean temporal beta-diversity components (losses B vs gains C) across seasonal

transitions (n = 31 stations).
Seasonal
transition

B (Mean ± SD) C (Mean ± SD) Mean difference (B − 
C)

t-
value

p-value

Fall–Winter 0.3643 ± 
0.2177

0.3666 ± 
0.2550

−0.0024 −0.03 0.977 ns

Winter–Spring 0.0900 ± 
0.0678

0.8172 ± 
0.0857

−0.7272 −27.63 < 
0.001***

Spring–Summer 0.6276 ± 
0.2051

0.0542 ± 
0.0627

0.5734 12.75 < 
0.001***

Summer–Fall 0.4150 ± 
0.3022

0.2188 ± 
0.1286

0.1962 2.63 0.013*

Significance codes: ns p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

The fall–winter transition showed balanced turnover, with no detectable difference between losses (B) and
gains (C) (p = 0.977). The winter–spring transition was clearly gain-dominated (C > B; p < 0.001), whereas
spring–summer was loss-dominated (B > C; p < 0.001). The summer–fall transition also showed higher
losses than gains (B > C; p = 0.013).

We further examined the coupling between losses and gains across stations using linear regressions
(Table 7).

Table 8
Linear regression between temporal beta-diversity components (species losses
B vs. species gains C) across seasonal transitions among sampling stations (n 

= 31).
Seasonal transition Equation (B vs C) R² (%) F p-value

Fall–Winter B = 0.6342 − 0.7361C 74.4 84.08 < 0.001***

Winter–Spring B = 0.6196 − 0.6481 C 67.1 59.02 < 0.001***

Spring–Summer B = 0.7432 − 2.1310 C 42.4 21.37 < 0.001***

Summer–Fall B = 0.8396 − 1.9400 C 68.2 62.09 < 0.001***

Significance codes: ns p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

Across all seasonal transitions, losses (B) and gains (C) were strongly and consistently negatively related
across stations (all regressions p < 0.001), indicating that stations with higher gains tended to show lower
losses and vice versa. This inverse B–C coupling was strongest in fall–winter (R² = 74.4%) and remained
high in winter–spring and summer–fall (R² ≈ 67–68%), but was weaker in spring–summer (R² = 42.4%).
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Spatial structure of temporal change

Global spatial autocorrelation of temporal beta diversity and its components was assessed for each
seasonal transition using Moran’s I (Table 8).

Table 9
Moran’s I (IM) for temporal beta diversity and its components (B, losses; C,

gains; D, total) across seasonal transitions, with associated p-values.
    Betadiversity-component

Seasonal transitions Test B C D

Fall-Winter IM 0.46765 0.364905 -0.082853

P-value 6.34E-05 0.006E-03 0.722

Winter-Spring IM 0.115884 0.004859 -0.105679

P-value 0.294 0.791642 0.607

Spring-Summer IM 0.005066 0.002293 0.11623

P-value 0.787 0.783 0.289

Summer-Fall IM 0.448199 0.285386 0.452801

P-value 9.52E-05 0.0288 0.000934

Significance codes: ns p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

Moran’s I indicated significant positive spatial autocorrelation for temporal beta-diversity changes during the
fall–winter and summer–fall transitions, whereas winter–spring and spring–summer showed no significant
spatial autocorrelation. Specifically, fall–winter exhibited significant clustering for losses (B IM = 0.468, p = 
6.34×10⁻⁵) and gains (C; IM = 0.365, p = 0.006), while total change (D) was not significant (p = 0.722).
Summer–fall showed significant clustering for losses (B; IM = 0.448, p = 9.52×10⁻⁵), gains (C; IM = 0.285, p = 
0.0288), and total change (D; IM = 0.453, p = 0.000934).

To further characterize the spatial structure and its scale, variogram models were fitted for temporal beta
diversity and its components across transitions (Table 9).
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Table 10
Variogram model parameters (nugget, sill, and range) for temporal beta diversity and

its components (B, losses; C, gains; D, total) across seasonal transitions.
Seasons transition Betdiv-component Nugget Sill Range(m)

Fall-Winter B 0.00E + 00 5.20E-02 9.93E + 02

C 8.01E-05 8.00E-02 8.54E + 02

D 7.71E-03 1.30E-02 9.08E + 02

Winter-Spring B 3.80E-03 1.40E-03 1.77E + 03

C 5.70E-03 2.30E-03 2.14E + 03

D 1.80E-03 6.90E-04 1.39E + 03

Spring-Summer B 4.06E-02 2.06E-03 2.87E + 03

C 0.00E + 00 4.90E-03 9.35E + 02

D 2.40E-02 7.10E-03 2.87E + 03

Summer-Fall B 0.00E + 00 9.60E-02 9.84E + 02

C 0.00E + 00 1.70E-02 8.54E + 02

D 0.00E + 00 4.30E-02 9.30E + 02

Variogram parameters varied across seasonal transitions. Fall–winter and summer–fall showed short to
intermediate spatial ranges (~ 850–990 m), with no nugget effect in summer–fall and a component-
dependent nugget in fall–winter. Winter–spring displayed larger ranges (~ 1,390–2,140 m) and non-zero
nugget effects for all components. Spring–summer showed mixed patterns, with short ranges for B and C
(~ 935–953 m) but a much larger range for total change D (~ 2,870 m), and non-zero nugget effects for B
and D.

To visualise the spatial organisation of temporal community change between seasons, we mapped TBI
(Jaccard; D) and its components (B, losses; C, gains) using ordinary kriging (Fig. 5).

Spatial patterns in the kriged surfaces were consistent with Moran’s I results (Table 9). Significant positive
spatial autocorrelation in fall–winter and summer–fall indicated non-random clustering of temporal change,
resulting in more patchy spatial structures for losses (B) and gains (C) (and for total change D in summer–
fall). By contrast, winter–spring and spring–summer showed no significant global spatial autocorrelation,
and the kriged maps displayed comparatively smoother spatial gradients.

Taxa affecting compositional heterogeneity over time

To identify which taxa most strongly drove compositional heterogeneity between consecutive seasons, we
examined species contributions to beta diversity (SCBD) for each seasonal transition (Fig. 6).
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SCBD patterns indicated marked shifts in the taxa contributing most to compositional heterogeneity across
seasonal transitions (Fig. 6). The fall–winter and winter–spring transitions were driven primarilyby
Cymatopleura (Cyma), Plagiogramma (Plagg), Nitzschia (Nitz) and Achnanthes (Achn), with Rhoicosphenia
(Rho) also showing high contributions during winter–spring (max SCBD = 0.124). During spring–summer, the
strongest contributors shifted to Fragilaria (Frag), Neidium (Neid), Rhoicosphenia (Rho), Chaetoceros
(Chaet)and Fragilaria (Frag). The highest maximum SCBD was observed in summer–fall (0.129), dominated
by Plagiogramma (Plagg), Paralia (Para) and Cymatopleura (Cyma), whereas the lowest maximum SCBD
occurred in summer and fall (0.086).

Environmental variables affecting temporal beta diversity

To assess how temporal beta diversity (TBI; B losses, C gains, D total change) covaries with environmental
conditions across seasonal transitions, we performed a FAMD on transition × station sampling units (Fig. 7).

The first two dimensions explained 59.43% of total variance (Dim 1: 40.15%; Dim 2: 19.29%), and the
categorical factor Periods strongly structured both axes, as shown by one-way ANOVAs on axis scores (Dim
1: R² = 0.952, p = 9.72×10⁻⁷⁹; Dim 2: R² = 0.971, p = 4.80×10⁻⁹²).

Dim1(Fig. 7a) separated Summer–Fall (positive; estimate = 3.80) from Winter–Spring (negative; estimate = − 
3.40) and, to a lesser extent, Fall–Winter (estimate = − 1.05). Positive Dim 1 (Fig. 7a) scores were associated
with warmer and more nutrient-enriched/mineralised conditions (Temp r = 0.87, PO₄ r = 0.85, NO₂ r = 0.84,
TDS r = 0.71, NO₃ r = 0.68, SiO₂ r = 0.64, Sal r = 0.54), and with higher losses (B; r = 0.45). Negative Dim 1
scores were associated with higher conductivity (CE; r = − 0.77), higher gains (C; r = − 0.72), higher dissolved
oxygen (OD; r = − 0.70), and higher total temporal change (D; r = − 0.57).

Dim2(Fig. 7b) contrasted Fall–Winter (positive; estimate = 2.34) with Spring–Summer (negative; estimate = − 
2.70), while Summer–Fall was slightly positive (estimate = 0.75). Positive Dim 2(Fig. 7b) scores were driven
mainly by salinity (r = 0.80), dissolved oxygen (r = 0.62), conductivity (r = 0.60) and pH (r = 0.54), whereas
negative scores were associated with higher temperature (r = − 0.32) and higher losses (B; r = − 0.33).

Discussion
This study confirms that a beta-diversity framework is useful for describing community assembly and
diagnosing ecosystem change in lagoon environments. In El Mellah Lagoon, marked seasonality and strong
within-lagoon heterogeneity coincide with pronounced spatial and temporal variation in diatom community
composition (Figs. 3–4; Tables 3–5–7–9), consistent with the view that diatom beta diversity reflects both
environmental gradients and spatial mechanisms in aquatic systems (Jamoneau et al. 2017).

Partitioning of spatial beta diversity shows that among-station dissimilarity is mainly driven by
turnover/replacement (repl) rather than richness-difference (rich) during autumn, winter and spring, whereas
the difference between repl and rich is not significant in summer (Table 3). This indicates that replacement
processes dominate spatial differentiation during most of the year and that richness-related differences
contribute more comparably in summer, supporting the idea that richness variation and turnover capture
distinct mechanisms of community change (Hu et al. 2019). Seasonal regressions further show that the
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repl–rich relationship shifts from strong linear coupling in autumn and winter to a non-linear pattern in spring
and an absence of a clear association in summer (Table 4), suggesting that the balance between
replacement-driven differentiation and richness-difference is season dependent.

Geostatistical analyses refine the interpretation of spatial structure by separating magnitude and
configuration. Moran’s I reveals significant positive spatial autocorrelation for repl and total dissimilarity (D)
in autumn, winter and spring, whereas in summer repl shows no significant spatial autocorrelation while rich
and D remain structured (Table 5). Variogram ranges in the order of 0.8–2.9 km for repl, rich and D confirm
that beta-diversity components are spatially structured at sub-lagoon scales, with shorter ranges associated
with more contrasted kriging maps (Table 6; Fig. 2). These patterns are consistent with studies showing that
diatom beta diversity increases with spatial extent and can decrease under nutrient enrichment at broader
scales, underscoring the influence of environmental context and scale on spatial heterogeneity (Leboucher
et al. 2019; Dormann 2007; Rossi et al. 1992; Taibi et al. 2021)

The FAMD further supports a strong seasonal organisation of spatial patterns by ordinating stations along
axes jointly structured by salinity, conductivity, nutrients, oxygen and beta-diversity metrics (Fig. 4). Dim 1
separates mainly summer from winter along a gradient of higher temperature, salinity and nutrients versus
higher oxygen and higher D, repl and rich, while Dim 2 highlights autumn as a distinct configuration with
elevated salinity, conductivity and dissolved oxygen and lower beta-diversity values (Fig. 4). This
configuration is coherent with results from coastal wetlands where salinity gradients and environmental
heterogeneity are reported as major drivers of diatom assemblage structure (Dalkıran and Zönülbil-Ünsal
2023). SCBD and LCBD analyses indicate that only a limited set of taxa with high SCBD and a subset of
stations with high LCBD contribute disproportionately to spatial beta diversity (Fig. 3), in line with work
showing that diatom beta diversity at multiple spatial scales can be effectively described by focusing on a
reduced set of informative taxa and sites (Jyrkänkallio-Mikkola et al. 2015).

Temporal beta diversity (TBI) reveals strongly asymmetric seasonal transitions, indicating that compositional
change among seasons is not uniform around the annual cycle (Table 7). The autumn–winter transition
shows balanced change, with no detectable difference between losses (B) and gains (C), whereas winter–
spring is clearly gain-dominated and both spring–summer and summer–autumn are loss-dominated
(Table 7). This pattern is compatible with seasonal turnover described for planktonic diatoms in coastal
bays, where distinct seasonal assemblages and sharp shifts in composition have been reported, highlighting
that different parts of the year can be associated with either community expansion or contraction (Qi et al.
2015).

Across all transitions, losses and gains are strongly and negatively related among stations (Table 8),
showing that stations with high gains tend to display low losses and vice versa. This systematic B–C trade-
off indicates that temporal beta diversity arises from contrasting local modes of change within the same
transition (replacement-like gains vs contraction-like losses), which matches conceptual frameworks that
partition temporal beta diversity into extinction- and colonisation-related components whose relative
dominance can vary through time (Tatsumi et al. 2021). In practical terms, the B–C relationship suggests
that different lagoon sectors alternately act as sources (gain-dominated) or sinks (loss-dominated) of taxa
along the seasonal cycle.
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The spatial dimension of temporal change also differs among transitions. Moran’s I indicates significant
spatial autocorrelation for losses, gains and, in some cases, total temporal dissimilarity (D) in autumn–
winter and summer–autumn, whereas winter–spring and spring–summer show no significant global spatial
autocorrelation (Table 9). Variogram models confirm that the spatial range of temporal dependence is
generally on the order of 0.8–2.1 km, with shorter ranges and low nuggets associated with more patchy
kriging maps (Table 10; Fig. 5). These results suggest that some transitions (autumn–winter, summer–
autumn) are characterized by spatial clusters of strong temporal change, while others (winter–spring,
spring–summer) follow smoother spatial gradients, consistent with the idea that temporally varying
environmental regimes structure temporal beta diversity in diatom assemblages (Wu et al. 2024 ; Griffiths
2024)

Species-level contributions indicate that different sets of taxa drive compositional heterogeneity between
consecutive seasons (Fig. 6). High SCBD values for a small number of genera in each transition (e.g.
Cymatopleura, Plagiogramma, Nitzschia, Achnanthes, Fragilaria, Chaetoceros and Paralia) show that temporal
beta diversity is concentrated in a subset of strongly responsive taxa whose identity changes from one
transition to another (Fig. 6). This concentration of contribution is in line with the expectation that temporal
beta diversity can be dominated by environmentally sensitive or opportunistic taxa, while most genera
remain relatively stable.

Finally, the FAMD integrating temporal beta diversity (B, C, D), environmental descriptors and the factor
“Period” shows that transitions are clearly separated in the multivariate space by distinct combinations of
environmental conditions and temporal change (Fig. 7). The first-dimension contrasts Summer–Autumn,
associated with warmer and more nutrient-enriched, mineralised conditions and higher losses, with Winter–
Spring, associated with cooler, more oxygenated waters and higher gains and total temporal change,
whereas a second-dimension isolates Autumn–Winter with higher salinity, conductivity and dissolved oxygen
(Fig. 7). These patterns support the view that no single environmental gradient explains all transitions and
that the expression of temporal beta diversity depends on season-specific combinations of temperature,
nutrients and hydrological conditions (Wu et al. 2022b). In this context, the empirically observed association
between spatial and temporal beta diversity in phytoplankton (Zhang et al. 2017 Qiu and Cardinale 2020) and
the documented differences in temporal dynamics across trophic contexts (Korhonen et al. 2013) provide a
coherent framework for interpreting why only some transitions exhibit spatial clustering of temporal change
and why gain- versus loss-dominated phases align with different environmental regimes.

Conclusion
This study illustrates that integrating spatial and temporal beta-diversity analyses can provide a detailed
description of seasonal community change in a Mediterranean coastal lagoon. In El Mellah Lagoon, diatom
beta-diversity patterns differed among seasons, with spatial turnover generally dominating over richness-
difference and temporal transitions showing asymmetric balances between species losses and gains.
Spatial and geostatistical analyses further indicated that some beta-diversity components are spatially
clustered in specific seasons, whereas others follow smoother spatial gradients. A restricted set of taxa
contributed disproportionately to compositional heterogeneity, and a subset of stations emerged as
consistently distinctive, suggesting that beta-diversity metrics can help identify informative taxa and sites for
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future monitoring. Overall, these results show that combining partitioned beta-diversity, contribution metrics
and geostatistical tools is a useful approach to summarise spatio-temporal patterns of diatom community
composition in lagoon systems. Future work linking these patterns to hydrodynamics, trait distributions and
quantified pressure indicators would help to clarify underlying mechanisms and to test whether this
framework is applicable to other transitional ecosystems.
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Figure 1

Study area (A) and sampling design (B)
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Figure 2

Kriging interpolation maps of spatial beta diversity (Jaccard dissimilarity; 0–1) across seasons, showing
total spatial beta diversity (D) and its components: turnover/replacement (repl) and nestedness/richness-
difference (rich). Warmer colors indicate higher dissimilarity. For each metric (repl, rich, and D), the same
color scale (0–1) is used across seasons to enable direct inter-season comparisons.
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Figure 3

Rose diagrams showing (A) species contributions to beta diversity (SCBD) and (B) local contributions to beta
diversity (LCBD) across seasons. Sn = station. Taxon abbreviations used in panel A are provided in Table 2.

Figure 4

FAMD factorial plane (Dim 1–Dim 2) showing (a) the distribution of sampling units (season × station) and (b)
the correlation circle of environmental variables and beta-diversity metrics.
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Figure 5

Ordinary kriging maps of temporal beta diversity (TBI; Jaccard dissimilarity; 0–1) across seasonal
transitions, showing total temporal beta diversity (D) and its components: losses (B) and gains (C). Warmer
colours indicate higher dissimilarity, and the same colour scale (0–1) is used across transitions to enable
direct inter-season comparisons.
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Figure 6

Rose diagrams showing species contributions to beta diversity (SCBD) for each seasonal transition. Taxon
abbreviations are provided in Table 2.
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Figure 7

FAMD factorial plane (Dim 1–Dim 2) including temporal beta diversity (TBI), showing factor maps of (a)
sampling units (transition × station) and (b) variables (TBI components and environmental descriptors).

Page 30/30


