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A B S T R A C T

Mediterranean Temporary Ponds (MTPs) are ephemeral freshwater habitats hosting a large number of aquatic 
and terrestrial organisms. Among these, diatoms represent the bioindicators that contribute mostly to Earth’s 
global primary production. Herein, we focused our attention on the role of seasonality and hydroperiod on 
benthic diatoms of MTPs. We analyzed the diatom community turnover along one year in two MTPs in the 
Latium region, Italy. The two MTPs showed different levels of anthropogenic pressures. Our results demonstrated 
that hydroperiod length and seasonality showed a moderate influence on diatom richness of MTPs; in particular, 
although the highest number of species was found during spring, taxonomic diversity remained stable at seasonal 
and inter-annual level despite strong changes in community composition and hydroperiod length. Overall, 
sampling sites showed different ecological conditions and chemical drivers: protected site was dominated by 
species occurring in minimally impacted oligo- to mesotrophic waters; unprotected site with high EC and ORP 
was dominated by species occurring in euryhaline brackish waters. Moreover, physicochemical parameters 
showed a low influence on diatom assemblages in the protected site and a strong influence in the unprotected 
site. No significant correlation between diatom ecological guilds and physicochemical parameters emerged. 
While for all the seasons the dominant guild was the motile guild, no inter-season variations emerged: diatom 
communities and ecological guilds in MTPs are resilient to seasonal variations. To provide novel insights, future 
research should focus on additional environmental drivers such as nutrient availability, sediment composition, 
and hydrological variability, including long-term monitoring plans.

1. Introduction

Mediterranean Temporary Ponds (hereafter MTPs) are ephemeral 
freshwater habitats considered biodiversity hotspots and habitats of 
some biological importance because they can host a considerable 
number of rare and endemic species (de Necker et al., 2025). The defi
nition of ponds is actually challenging researchers; here, we adopted the 
most recent definition by Richardson et al. (2022): small (<5 ha) and 
shallow (<5 m depth) water bodies with a maximum of 30 % emergent 
vegetation coverage. The appellative “Mediterranean Temporary Ponds” 
was firstly used in the scientific literature since the adoption of the 
Habitats Directive (Bagella, 2023): these ponds were categorized as 
priority habitats (Natura code: 3170*) included in Annex I of the 
Directive 92/43/EC (Dimitriou et al., 2009). MTPs are present in five 
biogeographical regions, mainly located in the Mediterranean biome, 
below 1500 m a.s.l. (Boix et al., 2016). MTPs are located in semi-arid 
and transitional regions (Pulido et al., 2020) with hot, dry summers 
and mild, wet winters. These habitats may experience seasonal 

fluctuations in water availability, with periods of drought and low water 
levels in the summer months (Koren et al., 2023). The term “temporary” 
refers to the hydroperiod of these ecosystems (Fernández-Zamudio et al., 
2016). Hydroperiod, the length of aquatic phase, is a crucial environ
mental variable for these ecosystems (Taurozzi and Scalici, 2024a): 
MTPs show a significant variability regarding the length of their 
hydroperiod and the beginning of their inundation period (Zacharias 
and Zamparas, 2010). Furthermore, they play a significant role in the 
provision of ecosystem services, such as nutrient sinks, water sources for 
wildlife, reservoirs of biodiversity and cultural elements (Krivtsov et al., 
2022).

MTPs are not isolated systems, but they actively interact with 
terrestrial environments (Fehlinger et al., 2023). MTPs host a large 
number of different aquatic and terrestrial organisms (Dimitriou et al., 
2006), from viruses and bacteria to consumers and predators, showing 
strong and complex trophic interactions (Pille et al., 2023). However, 
despite an improving public sensibility to these habitats over recent 
years, they are still overlooked and exposed to threats or destruction 
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(Boix et al., 2016). MTPs show an alarming rate of loss and degradation, 
and biodiversity rarefaction (Olmo et al., 2022). Vascular plants, am
phibians, many microorganisms and macro invertebrates and phyto
plankton are constantly threatened by numerous human activities 
(Zacharias et al., 2007): degradation and biodiversity loss (Beja and 
Alcazar, 2003), wastewater discharge and acidification (Zacharias and 
Zamparas, 2010), solid and liquid waste disposal (Yadav and Goyal, 
2022), introduction of alien species (Van den Broeck et al., 2015) and 
climate change (Zacharias and Zamparas, 2010). Increased water tem
perature can decrease pH and dissolved oxygen (DO) concentration, as 
well as increasing levels of available phosphorous, of which could be 
stressful to pond inhabitants (Earl et al., 2023). In this sense phyto
planktic communities play an important ecological role, increasing 
primary production, providing oxygen and absorbing CO2, counter
acting the effects of climate change (Widigdo et al., 2020; Häder and 
Gao, 2017).

Phytoplankton in temporary ponds are dominated by fast-growing, 
single-celled r-strategists and opportunists, which are adapted to vari
able conditions in rapidly changing environments (Celewicz and 
Gołdyn, 2021; Padisak and Naselli-Flores, 2021). Under climate change 
pressures, phytoplankton can show dramatic changes in population 
density (Diana et al., 2017), generating important shifts in distribution 
of species and compositional diversity (Domis et al., 2013; Hays et al., 
2005). Among phytoplanktic communities, diatoms represent the group 
which contributes mostly to Earth’s global primary production (20–40 
%) (Rousseaux and Gregg, 2013); this characteristic make them funda
mental for supporting global life forms, being primary producers and an 
important source of oxygen (Taurozzi and Scalici, 2024a). Diatoms are 
widespread in all the aquatic ecosystems and represent excellent in
dicators of environmental changes (Lobo et al., 2016): their response 
through compositional alteration was already applied in the under
standing and management of lakes’ surface water eutrophication and 
acidity, rivers’ salinization studies (Stenger-Kovács et al., 2023) and 
water level change in wetlands (Wolin and Duthie, 1999). However, 
diatoms represent an important biological model largely used in aquatic 
permanent habitats but underused in ephemeral waters: the response of 
diatoms to multiple stressors (hydroperiod length, seasonal changes, 
physicochemical variations, droughts) in temporary ponds has received 
much less attention (Taurozzi et al., 2024a).

The diatom communities of MTPs are still overlooked; only a few 
studies considered the species temporal and spatial turnover of diatoms 
(Liu et al., 2025; Blanco et al., 2020; Remmer et al., 2019; Hill et al., 
2017), none in MTPs consider a one-year monitoring. Different factors 
may affect species diversity at different spatial scales (Blanco et al., 
2020). The scientific literature on this topic is highly contrasting. Some 
studies suggest that physicochemical water parameters do not play a 
fundamental role, unlike hydroperiod, which appears to be more influ
ential (Blanco et al., 2020). Conversely, other research highlights the 
significant role of factors such as pH (Potapova and Charles, 2002) and 
electrical conductivity (Pestryakova et al., 2018). Similarly, Ferdoushi 
et al. (2023) demonstrated that temperature had a stronger influence on 
diatom diversity than pH and dissolved oxygen. Liu et al. (2025) further 
showed that the composition and relative abundance of dominant spe
cies varied significantly across seasons, with notable seasonal differ
ences also observed in alpha and beta diversity, as well as in the relative 
influence of physicochemical parameters on both species- and 
trait-based communities. Examining elevational trends in diversity is 
crucial for identifying broad-scale distribution patterns (Soininen, 
2007). Therefore, understanding the relative influence of various envi
ronmental factors on taxa diversity and their connection to different 
scale gradients is essential (Zaharescu et al., 2016).

Herein, we focused our attention on the responses of benthic diatoms 
to seasonal and hydroperiod variations in MTPs of Central Italy, one of 
the most threatened freshwater ecosystems of the Mediterranean region. 
For our purpose, we selected two MTPs located on different landscapes, 
altitudes and subject to different anthropogenic disturbances, focusing 

on the study of diatom communities along a one-year sampling. In our 
research, we considered anthropogenic disturbances as all directly or 
indirectly human-related activities that can alter ecological conditions 
(Battisti et al., 2016). This definition is based on the concept proposed by 
Pickett et al. (1985), where anthropogenic disturbances are defined as 
“environmental changes or disruptions directly or indirectly caused by 
human activities, which affect the structure, function, or composition of 
ecosystems”. We further expanded this definition to include biological 
forms of disturbance. Specifically, we grouped under this term activities 
directly linked to human presence, such as vehicular traffic, tourism 
(White et al., 2000), and direct pollution, as well as biologically medi
ated processes (sensu Sousa, 1984), including agricultural practices and 
grazing. In this study, we acknowledge the presence of such disturbances 
based on direct qualitative observation, although we did not attempt to 
quantify them. These anthropogenic disturbances are conceptually and 
ecologically distinct from natural physical disturbances such as 
droughts, which in our case are interpreted as seasonal phenomena 
rather than being directly influenced by human activity.

Our aim was to explore. 

i) whether benthic diatom richness responds to seasonal variations;
ii) the capacity of MTPs to host Red List species among different 

seasons;
iii) which physicochemical factors represent the main drivers for 

diatom diversity in MTPs;
iv) whether alpha and beta diversity indices and functional metrics 

(i.e. ecological guilds and life-forms) could be influenced by 
seasons and relative ecological and biological variations in MTPs, 
including droughts.

v) the influence of protection measures on diatom diversity.

Based on the scientific literature supporting our study, we hypoth
esize that both taxonomic and functional diatom communities respond 
significantly to seasonal variations, affecting both alpha and beta di
versity, with a marked influence of the environmental variables 
considered. Moreover, following ISPRA (2014), we expect a higher 
number of species included in the Red List during the spring and summer 
months, which coincides with the peak of diatom floristic development. 
The variable related to the different management regimes of the two 
pond systems represents a novel aspect of this study. In the absence of 
directly comparable literature, we can hypothesize that protected and 
undisturbed sites will host a higher number of diatom species, as the 
absence of anthropogenic stressors (such as vehicular traffic, grazing, 
and tourism) allows diatom communities to structure themselves natu
rally, without external disturbances.

2. Materials and methods

2.1. Study area

The study focused on Central Italy, in Latium region. The ponds were 
identified using GEE images and field surveys, while their temporary 
nature was analyzed with the use of the GEE historical imagery tool, 
following Taurozzi and Scalici (2024b) (Fig. 1a). 

• MTP(A): The first pond is included in the Castelporziano Presidential 
Estate (41◦42′12"N, 12◦23′45"E), a nature reserve along the Tyr
rhenian coast near Rome and one of the residences of the Italian 
Republic President (Tinelli et al., 2012), covering an area of 59 km2 

(Sbarbati et al., 2022). The access is forbidden to the public and no 
direct anthropogenic threats are present (Taurozzi et al., 2024a). 
This pond will be considered the “protected site”

• MTP(B): The second pond is included in a grazing land in the Alti
piani di Arcinazzo (41◦50′39"N, 13◦12′16"E), a typically alpine- 
looking plateau 60 km south-east Rome, included in an agricul
tural and grazing pattern (Taurozzi et al., 2024b). The pond is used 
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daily for watering cattle. This pond will be considered the “unpro
tected site”, where direct anthropogenic disturbances are present.

2.2. Sampling activities

The samplings were performed each month, one sampling per 
month, for one year, from March 2023 to February 2024. Samplings 
were performed by the same operator at the same hour of the day (±30 
min) to avoid discrepancies in sampling methodologies. Diatom sam
pling was carried out according to ISPRA (2014) guidelines, with ad
aptations for pond environments as described in Taurozzi et al. (2024a). 
Samples were collected at multiple points and depths within each pond. 
For each sample, at least 10 stones (dimensions between 64 mm and 256 
mm) were scraped using a commercial toothbrush (taking care to use a 
new toothbrush for each sampling site); then, the toothbrush was 
immersed in a 50 ml Falcon containing 70 % diluted ethanol and 
distilled water (Fig. 1a). Diatom oxidation operations followed in the 
laboratory (Fig. 1b). For each site, three different replicates were per
formed as suggested by Maitland et al. (2020). Before performing 
diatom sampling activities, 6 physio-chemical parameters of ponds were 
recorded using a multiparametric probe Hannah® HI98194 following 
Taurozzi et al. (2024a) Temperature (T ◦C), pH, Oxygen Reduction Po
tential (ORP, mV), Electrical conductivity (EC, μS/cm), Pressure (Psi), 
Dissolved oxygen (DO, ppm).

The oxidation method used was taken from Taurozzi et al. (2024a)
and Beltrami et al. (2007) for freshwaters: through the use of hydrogen 
peroxide, the organic matter was digested, and diatoms were mounted 
on permanent slides using Naphrax® (high resin power of refraction) to 
fix the coverslip. The morphological identification of diatom species was 
conducted under a microscope at 1000 × magnification (Leica), using 
taxonomic guides (DREAL Languedoc Roussillon, 2021; Bahls et al., 
2018; ISPRA, 2014; Ector and Hlúbiková, 2010; Taylor et al., 2007a; 
Krammer et al., 2002; Krammer and Lange-bertalot, 1991b; Krammer 

and Lange-bertalot, 1991a; Krammer and Lange-bertalot, 1988; Kram
mer and Lange-bertalot, 1986). For each slide, the analysis was 
considered completed when identification at the species level of 400 
valves was achieved (ISPRA, 2014). Counting 400 valves provides a 
reliable estimate of relative abundances, especially for detecting rare 
taxa and ensuring species richness and diversity indices are stable and 
representative of the true community. As reported in Battarbee (1986)
and Taylor et al. (2007b), counting 400 valves is generally satisfactory 
for the calculation of relative abundance of diatom species.

2.3. Statistical analysis

Normality, homogeneity of variance and independence were tested 
before performing statistical analysis. Given all the assumptions 
checked, we performed both parametric and no-parametric tests in our 
analysis. Here, we considered two factors for our analysis: “season”, 
expressed as division of the year based on changes in weather, ecology, 
and the number of daylight hours in a given region (spring, summer, 
autumn, winter) and “protection”, considering the protected Nature of 
MTP(A), included in the Castelporziano Estate (expressed as the absence 
of potential direct anthropogenic disturbances following Taurozzi and 
Scalici, 2024a).

The hydroperiod of each pond was determined through in situ visual 
assessment, based on the detection of water presence and availability.

2.3.1. Physicochemical variables
Permutational Multivariate Analysis of Variance (PERMANOVA) is a 

non-parametric test of significant difference between two or more 
groups, based on any distance measure; here, physicochemical variables 
differences between sites and seasons were tested using one-way PER
MANOVA with stratification: this tests whether diatom community 
composition differs by month, while only permuting within each pond. 
That respects the non-independence of samples from the same pond.

Fig. 1. a) Study area and sampling sites. MTP(A) is located inside the Castelporziano Presidential Estate; MTP(B) is located on the Altipiani di Arcinazzo plateau. b) 
Sampling activities and laboratory analysis.
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Ordinary least squares regressions were performed to highlight 
significative correlations between physicochemical parameters among 
seasons.

2.3.2. Diatom overview and Red List species
Repeated-measures analysis of variance (ANOVA) test, a statistical 

method that simultaneously compares means across several groups to 
determine if observed differences are due to chance or reflect genuine 
distinctions, was used to analyze significant differences in the number of 
species across seasons.

Here, we also considered Diatom Red Lists which provide an account 
of the diatom flora of a geographic area pointing out the distribution and 
threat status of individual species as determined by environmental fac
tors and impacts (Cantonati et al., 2022). The presence of endangered 
diatom species was evaluated following diatom’s Red List from Hof
mann et al. (2018); for this purpose, 7 classes of risk were considered. 

a) Endangered (EN)
b) Vulnerable (VU)
c) Near Threatened (NT)
d) Rare (RA)
e) Least Concern (LC)
f) Data Deficient (DD)
g) Not Evaluated (NE)

The repeated-measures ANOVA test was used to analyze differences 
between the distribution (number of species and relative code) of Red 
List species between sites. PERMANOVA tests with stratification were 
performed to highlight significant differences in Red List species abun
dances between seasons.

2.3.3. Environmental factors associated with diatom community variability
Redundancy Analysis (RDA) is a method to extract and summarize 

the variation in a set of response variables that can be explained by a set 
of explanatory variables, summarizing linear relationships between 
components of response variables that are “redundant” with a set of 
explanatory variables. Here, RDA was run to test statistical significance 
of each environmental variable in explaining species data structure and 
seasonal distribution of sampling sites.

2.3.4. Diatom alpha and beta diversity
Alpha diversity was calculated through the a) number of species and 

b) the Shannon diversity Index (H).
Linear multivariate multiple regressions were applied to test signif

icant correlation between alpha diversity indices and physicochemical 
values. Multivariate linear regressions were applied to test for signifi
cant correlation between alpha diversity indices and the number of days 
after droughts. Beta diversity analysis, i.e. the comparison of dissimi
larity in community composition between each pair of sites, was 
calculated using Bray-Curtis and Jaccard dissimilarity, based on occur
rence data (abundance). One-way PERMANOVA with stratification 
based on Bray-Curtis and Jaccard dissimilarity matrices were set to 
investigate community differences among sampling sites. Two-way 
PERMANOVA with stratification was run to test variations in commu
nity composition among sampling sites and seasons and also for testing 
the influence of season and protection factors on diatom alpha diversity.

2.3.5. Diatom functional ecology
Then, three diatom ecological guilds were considered following 

Passy (2007). 

- Low profile: species associated with environments characterized by 
low nutrient levels and high flow rates (Liu et al., 2025);

- High profile: larger species that tend to form colonies, and do not 
resist turbulence well but are enhanced by nutrient enrichment 
(Gelis et al., 2020);

- Motile: fast moving species not sensitive either to resource limitation 
or to disturbance (Stenger-Kovács et al., 2013).

The repeated measures ANOVA tests were performed to determine 
differences in species distribution among guilds and seasonal fluctua
tions. Polynomial regressions were performed to evaluate significant 
correlations between diatomic guilds abundances and physicochemical 
parameters.

Statistical tests were considered significant when p-value was <0.05. 
Statistical analysis were computed in PAST 4.02 software (Hammer 
et al., 2001), GraphPad Prism version 8.0.0 and R software (version 
4.4.2) (R Core Team, 2021).

3. Results

3.1. Physio-chemical parameters

Ponds’ hydroperiod was monitored throughout the year with 1 
sampling per month. MTP(A) was facing 5 months of complete dryness 
(August, September, October, November, December), while MTP(B) was 
facing 1 month of dryness (July). Physicochemical parameters recorded 
were reported in Table S1 and Fig. S1.

PERMANOVA based on physicochemical values showed that abiotic 
characteristics statistically differed among the two sampling sites 
considering the protection variable (F = 5.9, p = 0.02), while no dif
ferences emerged between seasons (F = 0.6, p = 0.7).

For MPT(A) and MTP(B), PERMANOVA showed no significant dif
ferences between physicochemical parameters among seasons emerged 
(F = 1.3, p = 0.3 and F = 1.4, p = 0.2, repsectively). For MTP(A), sig
nificant correlations emerged between T and DO (R2 = 0.9, p = 0.008) 
during spring, pH and EC (R2 = 0.9, p = 0.04), pH and DO (R2 = 0.9, p =
0.006), EC and DO (R2 = 0.9, p = 0.04) during summer and between pH 
and DO (R2 = 0.9, p = 0.01) during winter. For MTP(B), significant 
correlations emerged between pH and EC (R2 = 0.9, p = 0.006) during 
summer, pH and ORP (R2 = 0.9, p = 0.03) during winter and EC and DO 
(R2 = 0.9, p = 0.02) during autumn.

3.2. Diatom overview and Red List species

The benthic diatom diversity in the two MTPs was represented by 
146 species belonging to 44 genera, of which 24 genera were shared 
both from MTP(A) and MTP(B): in MTP(A) 93 species were found, in 
MTP(B) 115 species. The highest number of species was found in March 
(n = 36) and May (n = 34) for MTP (A) and in April (n = 38) and 
November (n = 34). Among 146 species, a total of 5 diatom taxa were 
classified as dominant (>5 %): Achnathidium eutrophilum, (number of 
valves counted, n = 4045), Nitzschia palea (n = 2075), N. frustulum (n =
1406), Eunotia minor (n = 1139) and Navicula trivalis (n = 1113) 
represent 45 % of the total number (n = 21600) of individuals counted 
(n = 9778).

Overall, 66, 52, and 38 species were identified in spring, summer and 
winter, respectively, in MTP(A); ANOVA test showed no significant 
differences in the number of species across seasons (F = 1.4, p = 0.24). 
62, 42, 57, 43 diatom species were identified in spring, summer, 
autumn, winter, respectively, in MTP(B); ANOVA test showed no sig
nificant differences in the number of species across seasons (F = 0.6, p =
0.63).

Considering the Red Lists codes, MTP (A) hosted 70 % of LC species, 
13 % NE, 9 % NT, 3 % VU, 3 % RA, 2 % DD and 1 % EN; MTP(B) hosted 
70 % of LC species, 19 % NE, 4 % RA, 3 % NT, 2 % DD, 1 % VU, 1 % EN. 
Furthermore, no differences emerged between the distribution (number 
of species and relative code) between sites from ANOVA test (F = 1.3, p 
= 0.29). PERMANOVA showed that abundances for red list codes did not 
differ among seasons for MTP(A) (F = 1.9; p = 0.13) and for MTP(B) (F 
= 0.2, p = 0.82).
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3.3. Environmental factors associated with diatom community variability

Statistical analyses conducted using the RDA method revealed sta
tistically significant correlations between environmental factors and the 
structure of diatom assemblages (F = 1.7, p = 0.004) (Fig. 2). The RDA 
analysis showed that the first axis explained 23.7 % of the fitted varia
tion, two axes explained 32.5 %, three axes accounted for 38.8 %, and 
four axes explained 44.1 %. The most statistically significant influence 
on the differentiation of diatom assemblages was attributed to Pressure 
(p = 0.001), explaining 9.1 % of the variability, followed by temperature 
(p = 0.011; 8.4 %). The influence of pH, ORP, EC and DO ions on the 
differentiation of diatom assemblages was smaller (p = 0.2–0.6; 5–3 %), 
and these factors were not also statistically significant. Temperature 
showed a very strong positive correlation with DO (r = 0.6, p = 0.003); 
this parameter correlated with the occurrence of, among others: Gom
phonema exillissimum, Gomphonema gracile, Nitzschia frustulum, Staur
oneis phoenicenteron. Electrical conductivity also demonstrated a weak 
negative correlation with Temperature (r = − 0.4, p = 0.06), which in 
turn correlated with the occurrence of Cocconeis placentula and, to a 
lesser extent, Anomoeoneis sphaerophora. ORP demonstrated a strong 
negative correlation with pH (r = − 0.5, p = 0.02), which in turn 
correlated with the occurrence of Gomphonema pumilum, Fragilaria biceps 
and, to a lesser extent Denticula tenuis, Fragilaria capucina, Geissleria 
decussis.

Based on the RDA findings, two distinct groups of sites were observed 
because of differences in species composition. The first group consisted 
of the protected site - MTP(A) - which is characterized by high dissolved 
oxygen, high temperature, high pressure and low pH. This site was 
dominated by diatom cosmopolitan species such as Frustulia vulgaris, 
Gomphonema gracile, G. parvulum, G. zellense, Nitzschia frustulum, Pin
nularia gibba. The second group - MTP(B) - was composed of an agri
cultural and grazing site that was characterized by very low electrical 

conductivity and low Oxidation-Reduction Potential amounts. Anom
oeoneis sphaerophora, Cocconeis placentula, Denticula tenuis, Fragilaria 
biceps, F. capucina, Geissleria decussis, Gomphonema pumilum, Nitzschia 
filiformis, N. linearis diatom species were abundant in this site.

3.4. Diatom alpha and beta diversity

Overall linear multivariate multiple models applied on alpha di
versity indices and physicochemical values did not show significant 
correlations for MTP(A) (F = 1.6, p = 0.5), while showed significant 
correlations for MTP(B) (F = 3.7, p = 0.04). Moreover, the overall effect 
of each independent physicochemical parameter was not significant 
(ANOVA, p > 0.05). The number of species in MTP(B) was mainly 
influenced by T (R2 = 0.0004, p = 0.04), pH (R2 = 0.08, p = 0.01), ORP 
(R2 = 0.02, p = 0.01), Press (R2 = 0.06, p = 0.02) and DO (R2 = 0.06, p 
= 0.01); Shannon index was influenced by DO (R2 = 0.5, p = 0.01). 
Multivariate linear regressions applied on alpha diversity indices and 
the number of days after droughts did not show significant correlations 
both for MTP(A) and MTP(B) (p > 0.05).

One-way PERMANOVA based on Bray-Curtis dissimilarity showed 
that diatom structure differed among the sampling sites (F = 4.7, p =
0.001). Similar results emerged from one-way PERMANOVA based on 
Jaccard dissimilarity (F = 2.4, p = 0.0003). Two-way PERMANOVA 
highlighted that there was also seasonal variation in diatom community 
composition between the studied sites for Bray-Curtis dissimilarity (F =
1.9; p = 0.0032) but not for Jaccard dissimilarity (F = 1.1, p = 0.06). 
However, the interaction between seasonal and protection variables in 
defining diatom variation was not statistically significant (PERMA
NOVA, F = 0.5; p = 0.72). Furthermore, the influence of seasonal and 
protection variables on diatoms was reflected on species richness: two- 
way PERMANOVA highlighted the influence of protection factors on 
diatom alpha diversity (F = 9.8, p = 0.008) but not for season (F = 0.8, p 
= 0.6). Moreover, the interaction between seasonal and protection 
variables in defining diatom diversity was statistically significant 
(PERMANOVA F = 2.6; p = 0.04).

3.5. Diatom functional ecology

In this study, all categories of the diatom ecological guilds, including 
motile, low-profile, and high-profile were observed (Table 1). 25 among 
the 146 different species identified belong to the low-profile guild, 37 to 
the high-profile guild and 84 to the motile guild (Fig. 3a and b).

The results highlighted that the motile guild predominated among 
the diatom guilds (MTP (A), H = 7.2, p = 0.02; MTP(B), H = 8.1, p =
0.01) and displayed insignificant seasonal fluctuations (MTP(A), H =
0.5, p = 0.8; MTP(B), H = 1.2, p = 0.7). Polynomial regressions showed 
significant correlations between the number of species of high-profile 
guild and T (F = 6.4, p = 0.009), EC (F = 7.5, p = 0.005) and DO (F 
= 5.2, p = 0.01) (Fig. 3c, d and 3e).

Fig. 2. Redundancy analysis (RDA) ordination showing environmental vari
ables correlated with RDA1 and RDA2. Physicochemical parameters are shown 
in italic. Diatom species are shown with abbreviations and grey dots. (AS =
Anomoeoneis sphaerophora; CC = Craticula cuspidate; CP = Cocconeis placentula; 
DT = Denticula tenuis; EM = Eunotia minor; FB = Fragilaria biceps; FC = Fragilaria 
capucina; FV = Frustulia vulgaris; GD = Geissleria decussis; GE = Gomphonema 
exillissimum; GG = Gomphonema gracile; GP = Gomphonema pumilum; GV =
Gomphonema parvulum; GZ = Gomphonema zellense; NC = Navicula capitator
adiata; NF = Nitzschia filiformis; NG = Navicula gregaria; NL = Nitzschia linearis; 
NR = Navicula reichardtiana; NT = Nitzschia frustulum; NY = Navicula crypto
cephala; PF = Planothidium frequentissimum; PG = Pinnularia gibba; PV = Pin
nularia viridiformis; SP = Stauroneis phoenicenteron. Blue rhombuses represent 
MTP(A); Green rhombuses represent MTP(B). T = Temperature (◦C), ORP =
Oxygen Reduction Potential (mV), EC = Electrical conductivity (μS/cm), Press. 
= Pressure (Psi), DO = Dissolved oxygen (ppm).

Table 1 
Frequencies (expressed in percentage %) of diatom guild for each season in the 
two ponds analyzed.

Winter Spring Summer Autumn

​ Motile 63.1 69.7 53.9 –
MTP 

(A)
Low 
profile

13.1 7.5 15.4 –

​ High 
profile

23.8 22.8 30.7 –

​ Motile 74.4 50.0 69.0 59.7
MTP 

(B)
Low 
profile

13.9 17.7 9.6 8.7

​ High 
profile

11.7 32.3 21.4 31.6
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4. Discussions

This research represents, to the best of our knowledge, the first 
investigation of diatom community turnover and ecological responses to 
seasonality and hydroperiod fluctuations in MTPs. Our study demon
strated that hydroperiod length and seasonality showed, respectively, a 
low and moderate influence on diatom richness of MTPs.

4.1. Diatom overview and red list species

The highest number of species was found during spring months, 
March, April and May (for the northern hemisphere), confirming pre
vious studies (Villa-Alfageme et al., 2024; Sassenhagen et al., 2023), 
while no significant differences emerged in the number of species across 
seasons, unlike our initial hypothesis. This is in accordance with Taur
ozzi and Scalici (2024a) and Virta et al. (2020), where taxonomic di
versity remained stable at seasonal and inter-annual level despite strong 
changes in community composition and hydroperiod length. Hydro
period can represent an important limit factor for many aquatic life
forms (Pires et al., 2021; Schriever et al., 2014). Water availability can 
directly and indirectly affect seasonal assemblages of aquatic commu
nities (Mdidimba et al., 2021): amphibians can show complex responses 
for survival and growth to variations in hydroperiod length (Thompson 
and Popescu, 2021), while macroinvertebrates communities can show 
important changes mainly due to physicochemical variations (Coccia 
et al., 2021). Here, we demonstrated that diatom richness was not 
affected by hydroperiod length and seasonal variations. This observa
tion is consistent with the study by Ma et al. (2023) who showed that 
seasonal differences in planktic diatoms were more pronounced than 
those in benthic diatoms. Adhesion to the substrate leads to benthic 
diatoms to be more prone to resist dryness than planktic ones (Falasco 
et al., 2018). Then, we hypothesize that benthic diatoms respond to 
droughts with resistance cists (Kooistra et al., 2007), regenerating the 
same community during wet periods. Very few studies have investigated 
the relationship between ponds’ hydroperiod and diatom communities. 
Cantonati et al. (2023) highlighted that the composition of diatom as
semblages can provide information on the hydroperiod and waterflow 
variability; Blanco et al. (2020) demonstrated that diatomic diversity 
changes with hydroperiod. In our study we revealed that variations in 
diatom communities of MTPs are independent from hydroperiod length. 

Moreover, our findings suggest that MTPs are particularly suitable for 
hosting threatened species included in the Red List of diatom species 
(Padula et al., 2021). At the same time, no differences emerged between 
sites regarding the number of endangered species, raising awareness 
about the relative effect of protection measures on diatom communities 
and the consequent benefits for endangered species. In this sense, our 
study revealed that MTPs host similar Red List species regardless of the 
level of protection differently from our hypothesis. However, many 
variables could contribute to this homogeneity: aerial dispersion of di
atoms (Stenger-Kovács and B-Béres, 2024), similarity in physicochem
ical conditions between sampling sites, dispersion through ectozoochory 
of freshwater diatoms via adherence to waterfowl feathers (Manning 
et al., 2021). For these reasons, considering the novelty of the research 
topic, further studies are necessary to deeply understand the potential 
biotic and abiotic influences on diatom communities and distribution of 
threatened species.

4.2. Environmental factors associated with diatom community variability

Based on RDA grouping of sites, physicochemical variables were 
determinant factors for diatom community structure for both MTP(A) 
and MTP(B). Sampling sites showed different ecological conditions and 
chemical drivers: our study revealed that substantial variation in phys
icochemical parameters emerged between samplings sites. Protected site 
with high Press., T and DO was dominated by Frustulia vulgaris, Gom
phonema gracile, G. parvulum, G. zellense, Nitzschia frustulum, Pinnularia 
gibba species during the wet season. These species also occurred in 
minimally impacted oligo-to mesotrophic waters enriched with oxygen 
concentrations, with medium-low conductivity. Unprotected site with 
high EC and ORP was dominated by Anomoeoneis sphaerophora, Cocco
neis placentula, Denticula tenuis, Fragilaria biceps, Fragilaria capucina, 
Geissleria decussis, Gomphonema pumilum, Nitzschia filiformis, N. linearis 
species during the wet season. These species also occurred in euryhaline, 
fresh and brackish waters with low to moderate concentrations of 
organic pollution. Our results align with previous studies that docu
mented similar species assemblages in relation to physicochemical 
gradients. For instance, Frustulia vulgaris, Gomphonema gracile, and Pin
nularia gibba have been commonly associated with well-oxygenated, 
oligotrophic to mesotrophic conditions in protected or minimally 
impacted aquatic environments (Cantonati et al., 2012; Rimet and 

Fig. 3. Seasonal changes in the composition and relative abundance of the benthic diatom ecological guilds for a) MTP(A) and b) MTP(B); Polynomial regression for 
number of species of high-profile guild and c) Temperature (T), d) Electrical Conductivity (EC) and e) Dissolved oxygen (DO).
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Bouchez, 2012). Similarly, Anomoeoneis sphaerophora, Cocconeis pla
centula, and Fragilaria capucina are known to occur in more disturbed 
habitats characterized by elevated conductivity and organic enrichment, 
including euryhaline and brackish systems (Lavoie et al., 2009).

Physicochemical variables are generally the main drivers of diatom 
species richness in lotic systems (Shibabaw et al., 2021). This study 
confirmed electrical conductivity, dissolved oxygen, T, and pressure 
were important in determining diatom community structure also in 
MTPs (Dalu et al., 2022). DO direct relationship with diatom richness is 
consistent with other studies (Shibabaw et al., 2021). However, our 
findings contrast with those of Guo et al. (2020) and Al-Imari et al. 
(2023) who reported that hydrology plays a primary role over physi
cochemical parameters in shaping diatom communities; on the contrary, 
our findings agree with Novak and Zelnik (2021) and Shetty and Guli
mane (2023), where ecological conditions like temperature, pH, dis
solved gases, were found to impact the growth and abundance of 
diatoms. pH was identified as a key factor for diatoms, significantly 
affecting their growth through direct physiological stress (Shibabaw 
et al., 2021). In the same study, electrical conductivity (EC) and dis
solved oxygen (DO) also emerged as important predictors for diatom 
community composition. Similarly to Shibabaw et al. (2021), who 
compared urban and agricultural sites, we can draw parallels between 
our two study sites: a protected (=urban-equivalent) site and an un
protected (=agricultural-equivalent) site. Our protected site exhibited 
mean values of 8.52 for pH, 294 μS/cm for EC, and 69.3 mg/L for DO. In 
contrast, the unprotected site averaged 7.82 for pH, 760.7 μS/cm for EC, 
and 40.6 mg/L for DO. Notably, Shibabaw et al. (2021) reported quite 
different values: their urban site had a mean pH of 6.6, EC of 132.7 
μS/cm, and DO of 3.29 mg/L, while their agricultural site had a mean pH 
of 7.5, EC of 99.2 μS/cm, and DO of 6.72 mg/L. These discrepancies may 
be attributed to the different aquatic environments studied (stream
s/rivers vs. our pond sites).

The importance of pH and conductivity for diatom communities was 
likewise highlighted by Della Bella et al. (2007) in their analysis of 
wetlands. However, even in their study, the mean values for pH (8.02) 
and conductivity (3.56 μS/cm) were lower than those observed in our 
sites. This suggests that diatom assemblages in freshwater ecosystems 
can respond differently to a broad spectrum of environmental condi
tions, which may influence community structure across diverse habitats 
(Soininen, 2007).

Given the absence in literature of studies involving MTPs as sampling 
sites, we could hypothesize that diatom communities are both influ
enced by hydrology, water availability and physicochemical parameters 
in many ways: the exact magnitude of these influences could be different 
for each pond considered, given the contemporary influence of different 
biotic and abiotic factors (Kumar et al., 2020).

4.3. Diatom alpha and beta diversity

Diatom alpha diversity indices did not show significative correla
tions with physicochemical parameters for MTP(A), while significative 
correlations emerged for MTP(B). Physicochemical parameters showed 
a low influence on diatom assemblages in the protected site: we could 
hypothesize that biotic and spatial factors may override the effect of 
physicochemical factors (Blanco et al., 2020), especially in anthropo
genic disturbances-free environments. Differently, MTP(B) diatom 
communities resulted highly influenced by physicochemical parameters: 
all the parameters significantly influenced the number of species, with 
DO which was confirmed as one of the most important abiotic factors for 
shaping diatom communities (Schuch et al., 2015). Shannon diversity 
index was also driven by DO. These results are in line with previous 
studies reporting DO as a major environmental driver of taxonomic di
versity in freshwater diatoms (Cui et al., 2023; B-;Béres et al., 2016). In 
addition, conductivity and redox potential (ORP), which significantly 
influenced assemblage structure in MTP(B), have also been identified as 
relevant predictors of diversity in various aquatic systems 

(Stenger-Kovács et al., 2023; Soininen, 2007), particularly in temporary 
or fluctuating habitats. Our study confirms the importance of seasonality 
as an important structuring force for diatom communities (Sun et al., 
2022): however, protection factor showed a greater influence on diatom 
diversity. In fact, significative results for seasonality emerged only 
including the protection factor. The absence of anthropogenic stressors 
(vehicular traffic, grazing, tourism disturbances) lead to diatom com
munities to be structured without external disturbances. Comparable 
studies also showed similar patterns in diversity indices. For example, 
B-Béres et al. (2016) reported that in temporary or semi-permanent 
ponds, alpha diversity tends to be more variable in unprotected or 
human-influenced sites, where environmental filtering is stronger. This 
supports our findings, where MTP(B) sites, exposed to more variable and 
stressful conditions, showed significant correlations between alpha di
versity indices and abiotic parameters such as dissolved oxygen.

Disturbed freshwater ecosystems generally show different diatom 
communities (Falasco et al., 2012), which differ from isolated ones 
(Blanco et al., 2020). Our results show this tendency: by comparing beta 
diversity, the two sampling sites showed different community assem
blages, with MTP(A) showing general better water quality with high 
oxygen concentrations. The patterns of alpha and beta diversity 
observed in our study are consistent with those described by B-Béres 
et al. (2017) and Soininen (2007), who found that environmental het
erogeneity and disturbance intensity can lead to high beta diversity via 
species turnover, especially in fragmented or temporary aquatic sys
tems. This suggests that while local environmental filtering may be weak 
in protected areas, it becomes a stronger driver of diatom assemblage 
structure in more impacted or variable habitats. Moreover, the seasonal 
effect is amplified while comparing diatom communities, underlying the 
fundamental role of climatic and seasonal biotic and abiotic variations 
on diatom assemblages.

4.4. Diatom functional ecology

Our results were not consistent with Liu et al. (2025): although the 
ecological guild allows us to determine the magnitude of the change in 
the values of the investigated parameters, our research did not highlight 
the correspondence between diatom ecological guild and physico
chemical parameters. While for all the seasons the dominant guild was, 
as expected, the motile guild, no inter-season variation emerged. Motile 
guild species are very sensitive to unfavorable ecological conditions, and 
very common in temporary ponds, given their ability to move to most 
suitable habitats (Passy, 2007). Their broad presence among all seasons 
reflects the unstable conditions of MTPs, often subject to alternating 
phases of floods and droughts (Van den Broeck et al., 2015). However, 
these results did not reveal a higher sensitivity of diatom ecological 
guilds to variations in physicochemical variations; high profile guild, 
sensitive to physical disturbance, including hydrological stress, showed, 
as hypothesized, a negative correlation with temperature and the rela
tive DO, which represent the two main factors involved during MTPs 
droughts. These results imply that the diatom communities and the 
ecological guilds in the MTPs are resilient to seasonal variations. 
Furthermore, given the novelty proposed by our research, future in
vestigations are therefore necessary to analyze the seasonal dynamics of 
diatom communities in MTPs.

4.5. Limitations of the study

Despite the robust design and analytical approach, our study has 
some limitations. First, the relatively small sample size and spatial 
extent may limit the generalizability of our findings to broader MTPs. 
Unfortunately, the restricted hydroperiod allowed us to sample the 
protected pond only for 7 months. It was not possible to collect data 
outside this period due to drought conditions. Second, although we 
included a range of physicochemical variables, other important 
ecological drivers such as nutrient concentrations (e.g., P, N), or biotic 
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interactions were not explicitly considered due to lack in instrument and 
fundings to perform such analysis. No water samples have been collected 
for nutrient and cation analysis, which are very important parameters 
for diatoms and for the spatio-temporal dynamics of the benthic diatom 
communities. The collection of these water samples would also indicate 
the effect of agriculture and urban wastewater treatment plants, with 
higher values of sulphates, nitrates and phosphates in the water. How
ever, we used the same protocols adopted in other studies, analyzing an 
even higher number of valves (400), compared to many other studies 
that limit the count to 200 or 300 valves. Therefore, our study is fully 
replicable and follows established methodological standards. Finally, 
our analysis focused on a single year; temporal variability could influ
ence community dynamics and diversity patterns, particularly in highly 
seasonal temporary ponds.

5. Conclusions

Our study confirms that benthic diatoms are reliable bioindicators 
for detecting both natural and anthropogenic disturbances in MTPs. The 
proposed research represents the first investigation of diatom commu
nity turnover among seasons, comparing protected and disturbed Pri
ority Habitats. In particular, the results showed that diatoms were not 
affected by hydroperiod length and seasonal variations in benthic 
diatom richness were not statistically significant. However, MTPs have 
proven to be particularly suitable for hosting Red List species, although 
their unstable ecological and hydrological conditions. Temperature, 
dissolved oxygen and electrical conductivity emerged as the primary 
environmental drivers influencing the seasonal dynamics of the species- 
based diatom community. Furthermore, physicochemical parameters 
emerged as not significant for structuring benthic diatom communities 
in protected MTPs, while they represent the main driver for disturbed 
MTPs. Alpha and beta diversity described a complex community, with 
significant differences between sampling sites in function of anthropo
genic and grazing disturbances. Moreover, protection and undisturbed 
MTPs showed different diatom assemblages, with alpha, beta and 
ecological diversity deeply influenced by the protection and, to a lesser 
extent, by seasonality. These findings are consistent with previous 
research highlighting the sensitivity of diatom communities to envi
ronmental gradients such as oxygen availability and conductivity. 
Importantly, we provide new insights into seasonal turnover and the 
differential impact of protection status on diatom diversity, expanding 
knowledge on ephemeral habitats in the Mediterranean region. Quan
tification of the disturbance levels and their effects on diatom commu
nities is the main limit of our research: we therefore suggest, for future 
research, to integrate further studies taking into consideration precise 
data regarding the anthropogenic impacts in MTPs. As proposed by 
Salafsky et al. (2008), a structured system for classifying and evaluating 
threats to conservation should be based on two pillars: a standardized 
taxonomy of threats (e.g., pollution, land use, biological harvesting, 
etc.) and a systematic approach to quantifying each threat, considering 
three parameters: scope, severity, and timing. For quantifying and 
ranking anthropogenic disturbances on MTPs, with diatom as main 
target, for future research we suggest adopting a combination of 
field-based observations (e.g., signs of trampling, pollution sources, 
debris, or excessive algal growth), expert-based scoring systems 
(ranking the scope, severity, and timing of each threat or the creation of 
a composite disturbance index combining multiple stressor scores), 
GIS-based land use analysis and detection of nearby infrastructures or 
changes in pond hydrology. For this reason, this research should be 
understood as a starting point for analyzing diatom temporal turnover 
and ecological response in peculiar ephemeral ecosystems such as MTPs.
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B-Béres, V., Lukács, Á., Török, P., Bácsi, I., 2016. Combined eco-morphological 
functional groups are reliable indicators of colonisation processes of benthic diatom 

D. Taurozzi and M. Scalici                                                                                                                                                                                                                   Continental Shelf Research 294 (2025) 105547 

8 

https://doi.org/10.1016/j.csr.2025.105547
https://doi.org/10.1016/j.csr.2025.105547
https://doi.org/10.1016/j.ecolind.2023.110939
https://doi.org/10.1016/j.ecolind.2023.110939
https://doi.org/10.1007/s10531-023-02549-3
https://doi.org/10.3897/phytokeys.105.23806
https://doi.org/10.3897/phytokeys.105.23806
http://refhub.elsevier.com/S0278-4343(25)00147-5/sref5
http://refhub.elsevier.com/S0278-4343(25)00147-5/sref5
http://refhub.elsevier.com/S0278-4343(25)00147-5/sref5
http://refhub.elsevier.com/S0278-4343(25)00147-5/sref6
http://refhub.elsevier.com/S0278-4343(25)00147-5/sref6
https://doi.org/10.1016/j.ecolind.2017.07.007
https://doi.org/10.1016/j.ecolind.2017.07.007


assemblages in a lowland stream. Ecological indicators. https://doi.org/10.100 
7/s10750-014-1929-y.

Beja, P., Alcazar, R., 2003. Conservation of mediterranean temporary ponds under 
agricultural intensification: an evaluation using amphibians. Biol. Conserv. 114 (3), 
317–326. https://doi.org/10.1016/S0006-3207(03)00051-X.

Beltrami, M.E., Bernabei, S., Bona, F., Cappelletti, C., Ciutti, F., Della Bella, V., et al., 
2007. Protocollo di campionamento e analisi delle diatomee bentoniche dei corsi 
d’acqua. https://hdl.handle.net/2318/48661.
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