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Abstract In the Mediterranean region, temporary
ponds (MTPs) are priority habitats hosting rare and
endemic species significantly threatened globally.
This research represents the first characterization of
diatom communities of MTPs in Central Italy, cou-
pling phytosociological surveys and physical and
chemical characterization of water and sediments. We
selected 3 areas and 13 ponds with different levels of
protection. A total of 89 diatom species and 52 plant
species were recorded. No significant differences in
taxonomic and functional a diversity were observed
among sites. Water conductivity was significantly
associated with taxonomic richness. Functional o
diversity showed significant correlation with several
environmental variables, including conductivity, pH,
sediment density, dissolved oxygen. Both taxonomic
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and functional total B diversity and turnover dif-
fered significantly among sites, in particular between
Foglino and Castelporziano sites. RDA analysis based
on vegetation as variable showed that the measured
environmental variables explained 51.45% of the dia-
tom community variation, providing the first evidence
of ecological correspondence between diatom and
plant communities in MTPs. Our results underpin the
potential role of diatoms as bioindicators in MTPs.
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Introduction

Ponds are small (<5 ha) and shallow (<5 m) water
bodies, with<30% emergent vegetation (Bolpagni
et al., 2019; Olmo et al., 2022; Richardson et al.,
2022). According to the European Pond Conservation
Network’s “Pond Manifesto”, ponds are recognized
as distinct, valuable freshwater systems whose con-
servation requires specific attention (E.P.C.N., 2008).
They represent the most abundant freshwater ecosys-
tem on Earth (Meerhoff and Beklioglu, 2024), recog-
nized as important habitats in landscapes throughout
the world (Fehlinger et al., 2021) and playing a signif-
icant role in the provision of ecosystem services (Fu
et al., 2018; Krivstov et al., 2022). Temporary ponds
differ from permanent ponds due to hydroperiod: a
wet or inundate phase is followed by a prolonged dry
period whose duration can change every year (Floren-
cio et al., 2020).

In the Mediterranean region, temporary ponds
(hereafter MTPs) are threatened ecosystems, and cur-
rently show an “unfavorable-bad” conservation status
(EEA 2020), despite receiving protection through the
EU Habitats Directive (92/43/CEE) (Coccia et al.,
2024). However, while the Habitats Directive rec-
ognize Mediterranean temporary waters as priority
habitats, it still provides limited protection for small
water bodies as a whole (Della Bella et al., 2005).
As reported by Bagella (2023), recognizing MTPs
as priority habitats (Code 3170*) was crucial for
the extremely rare and isolated organisms they host,
including several plant communities belonging to the
Isoéto-Nanojuncetea class. MTPs also often contain
rare, endemic and/or Red Data List species and are
therefore likely to disappear, when these ponds are
degraded, due to the prevailing threats (Zacharias &
Zamparas, 2010). In the last decades climate change
has been a particular challenge for ponds (Segura
& Palomar, 2023). Droughts may represent a strong
environmental constraint that selects species with
traits related to drought tolerance (Cunillera-Mont-
cusi et al., 2020). Consequently, MTPs have recently
displayed strong interannual variability that affects
biodiversity (e.g., Florencio et al. 2020; Caria et al.
2021).

As described above, MTPs can host a large num-
ber of species, in particular ephemeral plant com-
munities linked to temporarily submerged soils
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(Carta, 2016). Based on the environmental condi-
tions, mainly related to the duration of flooding and
pond morphology, different types of plant communi-
ties can be found, which are seasonally differentiated
Bagella & Caria, 2012; Tomaselli et al., 2020; Caria
et al., 2021;). In deeper ponds, where water persists
for longer periods, communities and species well
adapted to aquatic environments can still be observed
in spring, and macrophytes may occur in the deepest
zones. During the desiccation phase, two main groups
of plant communities are typically present. The first
group includes associations mostly characterized by
small plants (also known as dwarf species, or micro-
phytes) with early flowering; The second group con-
sists of plant communities dominated by therophytes,
generally exhibiting a prostrate or prostrate-ascending
growth form and a later (summer) phenology. These
communities are associated with habitats that remain
submerged for longer periods and are characterized
by a very rapid desiccation dynamics (Tomaselli
et al., 2020).

In addition to plants, numerous algal species, such
as diatoms, also inhabit MTPs. Diatoms are ubiqui-
tous unicellular eukaryotic brown algae (Soininen
& Teittinen, 2019), widely recognized as impor-
tant primary producers at the base of food webs and
source of gen (Letakova et al., 2018; B-Béres et al.,
2023). Diatoms are one of the most used biological
quality elements (BQEs) in freshwater monitoring,
adopted by the European Water Framework Directive
2000/60/EC (WFD), focusing on their advantages as
bioindicators (Masouras et al., 2021). The analysis
of the diatom assemblage structure, species’ aute-
cology, and biological traits allows to characterize a
specific water body from an ecological and biologi-
cal point of view (Taurozzi et al., 2023). However,
while pollution and water stress can have pronounced
and well-documented effects on many bioindicators,
such as macroinvertebrates (Della Bella et al., 2005;
Wheeler et al., 2020; Strungaru et al., 2021), only
few studies have addressed this issue using diatoms
as the primary tool for assessing the ecological status
of MTPs (Taurozzi et al., 2024a). While diatoms are
commonly used as bioindicators in rivers and lakes,
research on benthic diatom assemblages in wetland
environments is surprisingly scarce, especially in
Italy, where only a few studies, such as that of Della
Bella et al. (2007), have examined these ecosystems.



Hydrobiologia

Moreover, their  diversity patterns are not well docu-
mented especially at intermediate spatial scales, such
as within and between MTPs (Jyrkinkallio-Mikkola
et al., 2016). This diversity level has been shown to
be strictly related with environmental heterogeneity,
productivity and niche-based mechanisms, in many
ecosystems (e.g., Tuomisto, 2010) as well as in fresh-
waters (e.g., Ziorza-Almeida et al., 2017). Significant
f diversity patterns may have important implications
for biomonitoring. For instance, Jyrkédnkallio-Mik-
kola et al. (2016) showed that variation in diatom
communities was significantly related to the general
physical habitat structure and conservation status.

Plants are excellent biological indicators for
assessing the conservation status of MTPs. The
monitoring of plant communities belonging to
MTPs requires samplings at least twice a year
(early spring and summer, e.g., Bagella et al.,
2016) and, based on different approaches, the mon-
itoring programmes require a strong effort in terms
of time, field activities and laboratory identifica-
tions. In contrast, diatoms can be sampled when-
ever ponds are full of water, using simpler sam-
pling and identification methods (Taurozzi et al.,
2024a). Despite their frequent use as bioindicators
in freshwater ecosystems, the ecological patterns
of diatom communities in lowland Mediterranean
ponds remain poorly known (Della Bella & Man-
cini, 2009). Understanding the ecological relation-
ship between plants and diatoms in MTPs could
improve biomonitoring strategies (Jyrkinkallio-
Mikkola et al., 2016), providing new insights for
more effective and efficient conservation plans.

In this context, the main aim of this study is to
evaluate the effectiveness of diatoms as bioindica-
tors in MTPs, with a specific focus on the cross-
taxon correspondence with plant communities
characterizing Habitat 3170*. In particular, this
research provides, to the best of our knowledge,
the first characterization of diatom communities
in MTPs, using a combined approach integrating
physical and chemical parameters with phytoso-
ciological surveys to describe their taxonomic and
functional diversity. Considering the high variabil-
ity of MTPs in Lazio (Filippino, 2018; Bazzanti
et al., 2000), we also explore how environmental
conditions and protection measures influence dia-
tom and plant communities across different sites.
In particular, we hypothesize the following: (a)

Diatom diversity is expected to reflect environ-
mental gradients in MTPs; (b) There is expected
to be significant correspondence between diatom
and plant community composition, supporting the
use of diatoms as complementary bioindicators; (c)
Integrating diatom and plant data could provide a
more complete and efficient tool for biomonitoring
MTPs under the EU Habitats Directive.

Materials and methods
Study area

There are some published studies that have carried
out floristic surveys in the sites where are the MTPs
we investigated (Lucchese, 1990; Anzalone et al.,
1997, Filibeck & Lattanzi, 2008; Minutillo et al.,
2014; Lattanzi et al., 2021). However, although it has
long been known that temporary ponds are a typical
community in lowland forests dominated by Quercus
cerris L. and Quercus frainetto Ten. belonging to
the Mespilo gemanicae-Quercetum frainetto associa-
tion (Blasi et al. 2002), few vegetation assessments
are available for Lazio region (e.g., Stanisci et al.,
2001), and MTPs were studied in other Italian regions
(Umbria—Gigante et al., 2007; Sardinia—Bagella
& Caria, 2012; Apulia—Tomaselli et al., 2020). In
order to improve this knowledge, phytosociological
and diatomic investigations were carried out in three
sites and 15 MTPs in Lazio, mainly in the south-
ern part (Fig. 1a). In all the sites, only 3170* MTPs
were sampled. The classification of these ponds as
Habitat 3170* was based on a preliminary survey
conducted in 2022. This survey verified the coher-
ence of the ecological conditions (temporary ponds
in oligotrophic conditions), and the presence of the
characteristic species reported in the European inter-
pretation manual (EUR 28) and the Italian interpre-
tation manual. The classification has been confirmed
by the presence of diagnostic plant species, including
Isoétes histrix Bory, Isoétes longissima Greuter, and
Damasonium alisma (Mill.) A. Braun. Other species
recorded represent typical associated flora of tem-
porary ponds (e.g., Callitriche spp., Illecebrum ver-
ticillatum L.). The habitat typology was validated
according to the criteria outlined in the EU Habitats
Directive (92/43/CEE) and the relevant literature on
Mediterranean Temporary Ponds in Italy (Della Bella
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«Fig. 1 Geographical and spatial distribution of the study
sites considered (a): The Castelporziano Presidential Estate
(b); Foglino wood (c); Ceprano wood (d). e Schematic repre-
sentation of sampling activities, including vegetation hybrid
sampling approach, with one-square-meter plots and then
expanded to the whole community, f diatom sapling with at
least 10 stones scraped and 3 replicates for each site and g abi-
otic parameters recording

et al., 2008; Bagella, 2023). The selected ponds rep-
resent a type of Mediterranean temporary ponds. In
fact, these habitats are difficult to identify (Bagella
et al. 2007). While the European interpretation man-
ual describes these habitats as “very shallow tempo-
rary ponds (a few centimetres deep)”, there are sig-
nificant differences in interpretation at national level
(e.g., Grillas et al. 2004) In Italy, as in Spain and
France, ponds with an average depth of a few tens of
centimeters are also considered to be 3170.

The first site is the “Castelporziano Presidential
Estate” (hereafter, CP) (41°43'47"N 12°24'13"E), a
natural reserve on the Tyrrhenian coast near Rome.
It covers an area of about 6000 hectares (Fig. 1b),
where only a limited number of people are allowed
to visit it (Castracani et al., 2010). The area in issue
is mostly flat, riseing up to 80 m a.s.l. at a distance of
about 4 km from the coast (De Nicola et al., 2014).
This protected area includes the last remnants of the
original Mediterranean plain forest that oce covered
the majority of the Latium coast, which is now sur-
rounded by an urban and agricultural landscape
(Della Bella et al., 2008). Three sites were selected:
CP21 (41°45"26"N 12°23'46"E); CP48 (41°44'10"N
12°25'50"E); CP85 (41°42'30"N 12°22'57"E).

The second site is the Foglino wood (hereafter,
FG) (41°2822"N 12°43'01"E), a large thermophi-
lus deciduous oak forest mixed with Mediterranean
scrub communities, covering an area of 550 ha and
ranging in altitude between 19 and 33 m a.s.l. (above
sea level) (Fig. 1c). It is located in the administrative
province of Latina (50 km from Rome) and included
in the Natura 2000 network (Lattanzi et al., 2004).
The Foglino forest is characterized by the dominance
of Q.frainetto and Q. cerris, while the shrub layer is
mainly composed by Cornus sanguinea L., Mespi-
lus germanica L., Crataegus monogyna Jacq.
Access to the area by visitors is always free. Five
sites were selected: FG1 (41°2829"N 12°43'09"E);
FG2 (41°2821"N 12°42'54"E); FG3 (41°2823"N

12°43'15"E); FG4 (41°27'42"N 12°43'11"E); FG5
(41°27'52"N 12°43"26"E).

The third site is the Ceprano wood (hereafter, CR)
(41°33"27"N 13°28'6"E), an area of 400 hectares and
ranging in altitude between 88 and 107 m a.s.l., full
of high ecological-naturalistic value with wooded
areas, paths and wetlands (Minutillo et al. 2014), out
of the Natura 2000 network (Fig. 1d). In the forest
patches, Q. frainetto and Q. cerris are the dominant
tree species. Access to the area by visitors is always
free. Seven sites were selected: CR1 (41°33'12"N
13°28'11"E); CR2 (41°33'13"N  13°28'15"E);
CR3 (41°33'11"N 13°28'13"E); CR4 (41°33'00"N
13°27'38"E); CR5  (41°32'50"N  13°27'43"E);
CR6 (41°32'50"N 13°27'45"E); CR7 (41°32'49"N
13°27'38"E).

Sampling activities and data analysis

Samplings were performed during Spring 2023. For
the analysis and monitoring of MTPs, it is suggested
in Italy to analyse vegetation using one-square-meter
plots (Bagella et al., 2016). However, more squares
are often needed to characterize the vegetation of a
large MTP. Therefore, a hybrid sampling approach
was used. Starting with a one-square-meter plot ran-
domly arranged within the pond, a survey was car-
ried out first in the square and then to the whole com-
munity, following the phytosociological approach
(Biondi, 2009; Géhu and Rivas-Martinez, 1981)
(Fig. 1e). The coverage of species, both in the square
and in the relevé, was assigned in percentages and
not using the Braun-Blanquet scale. The list of spe-
cies, with relative coverage estimates, used for the
analyses is based on phytosociological sampling plot.
Given the aim of analysing the diatom community as
a function of ecological and vegetation parameters,
summer vegetation sampling was omitted. Species
nomenclature follows Bartolucci et al. (2018), while
for the syntax names reference was made to Mucina
et al. (2016). The deviation from the classical phyto-
sociological method lies in identifying the elementary
population—the starting point of the classical phyto-
sociological survey—and in using a percentage scale
for estimating species cover.

Epilithic diatom samplings were performed fol-
lowing ISPRA (2014) (Fig. 1f): for each sample, at
least 10 stones (dimensions between 64 and 256 mm)
were scraped using a commercial toothbrush; then,
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the toothbrush was immersed in a 50 ml Falcon con-
taining 70% diluted ethanol and distilled water. Stones
were collected throughout the pond, covering a range
of depths up to approximately 100 cm to capture vari-
ability in epilithic diatom communities. Once in the
laboratory, diatom samples were oxidized following
the hydrogen peroxide method (Taurozzi et al. 2023).
Briefly, 5 ml of sample were centrifuged at 1500 rpm
for 10 min, the supernatant discarded, and the sediment
was mixed with 20 ml of H,0, and heated for 3 h to
degrade organic matter. After complete oxidation, dia-
toms were centrifuged at 1500 rpm for 10 min (the pro-
cedure was repeated for three times), mounted on per-
manent slides using Naphrax® (high refractive index
resin) to fix the coverslip. For each site, three different
replicates were performed as suggested by Maitland
et al. (2020). For each replicate, at least 10 stones were
sampled per site to ensure representativeness, follow-
ing the ISPRA (2014) guidelines. Separate commercial
toothbrushes and Falcon tubes were used for each rep-
licate to avoid cross-contamination. The morphological
identification of diatom species was carried out using
many taxonomic references (Krammer & Lange-Ber-
talot, 1986; Krammer & Lange-Bertalot, 1988; Kram-
mer & Lange-Bertalot, 1991a; Krammer & Lange-
Bertalot, 1991b; Krammer et al., 2002; Taylor et al.,
2007; Ector & Hlubikova, 2010). In the laboratory, 400
valves were counted per slide (three slides per pond),
and the counts from the three slides were combined,
resulting in a total of 1200 valves per pond. The survey
was combined with an assessment of ecological param-
eters. Temperature (T), dissolved gen (DO, expressed
in terms of % saturation), conductivity (Cond.), and
pH were measured in situ with a multi-parameter probe
(MANTA +30, EasyProbe) (Fig. 1g). Simultaneously,
an aliquot of water was collected (1 L) and immediately
filtered through glass microfiber filters (GF/F What-
man®; 0.7 um) for subsequent laboratory analysis of
soluble reactive phosphorus (SRP), dissolved inorganic
carbon (DIC), nitrate (NO;™) and sulfate (SO42_) using
standard methods (A.P.H.A., 2017). At the maximum
depth of the water column, a sediment sample (200 g)
was collected using a manually infixed Plexiglas core
(4 cm circumference). The sediment, corresponding to
the 0-5 cm surface layer, was subsequently character-
ized for density, water content, porosity, organic matter
(OM, %) and total phosphorus (TP) content. For the
determination of OM content, a portion of dry sedi-
ment (0.5 g) was weighed inside ceramic crucibles and
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incinerated in a muffle furnace at 450 °C for a time of
4 h (Buchanan et al., 1984). TP in the sediments was
determined by the potassium persulfate oxidation
method (Aspila et al., 1976).

Statistical analysis
Physical and chemical parameters

Pairwise correlations were computed between envi-
ronmental variables using the base function cor()
from corrplot package (Wei & Simko, 2024). A prin-
cipal component analysis (PCA) was performed with
princomp() (base R), and the contribution of each
variable to the first two principal components was
examined through loadings.

Diatom overview and water quality

Since no diatoms were detected in sites CR4 and CR5
(n<10), all diatom-related analyses were restricted
to the remaining sites. Diatom Red List species was
taken from https://www.rote-liste-zentrum.de/. The
ecological quality of each site was then assessed
using the EPI-D index, which is a diatom-based met-
ric suitable for standing waters, including temporary
ponds. Unlike Italian indices designed for rivers
(ICMi) or permanent lakes (EPI-L), the EPI-D index
effectively accounts for the variable hydrology and
ecological characteristics of temporary pond ecosys-
tems. The index was calculated with the diaThorAll()
function from the diaThor R package (Nicolisi and
Sathicq, 2025).

Diatom taxonomic a and f diversity

Taxonomic o diversity of diatoms was calculated
for each sample using species richness (specnum-
ber() function from vegan package), and Pielou’s
evenness (computed as Shannon divided by log spe-
cies richness) (Oksanen et al., 2025). Correlations
between diversity indices were assessed using Pear-
son correlation (cor()) and associated p-values were
obtained with cor.test()). Differences in richness and
Pielou’s evenness among sites were tested with the
Kruskal-Wallis test (kruskal.test() from base R). To
evaluate the influence of environmental parameters
on richness and Pielou’s evenness, generalized linear
models were fitted (glm() from base R) with Poisson
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distribution for richness and Gaussian distribution for
Pielou. Predictor selection was performed with step-
wise forward selection (step() from base R), compar-
ing a null model to a full model including all meas-
ured environmental variables.

Considering taxonomic P diversity of diatoms,
presence-absence data were obtained using decostand
(method="pa") (vegan), and Bray—Curtis dissimilari-
ties were calculated with vegdist() function (vegan).
Within-site p diversity components (total, turnover,
and nestedness) were computed using beta.multi()
(betapart package) (Baselga et al., 2025), while pair-
wise Sorensen, turnover, and nestedness dissimilari-
ties were obtained using beta.pair() (betapart). Dif-
ferences in P diversity among sites were tested using
permutational multivariate analysis of variance (PER-
MANOVA, adonis2() function from vegan package)
on the pairwise dissimilarity matrices. Pairwise com-
parisons between sites were performed by subsetting
the dissimilarity matrices and applying adonis2()
for each site pair. To evaluate the effect of environ-
mental variables on f diversity, pairwise differences
in environmental parameters were calculated using a
custom R function (pairwise_env()) on the environ-
mental data matrix. Generalized linear models (glm()
from base R) were then fitted for total p diversity,
turnover, and nestedness, with Gaussian errors. Step-
wise forward model selection (step() from base R)
was used to identify the most relevant environmental
predictors.

Diatom functional a and f diversity

18 Functional traits data were taken from Rimet
& Bouchez (2011) and Rimet & Bouchez (2012),
including ecological guilds, life-forms and size
classes (Table S1). Functional o diversity indices,
including richness (FRic), evenness (FEve), disper-
sion (FDis) were calculated with dbFD() from the FD
package (Laliberté et al., 2014). Traits were standard-
ized (stand.x =TRUE), and negative eigenvalues were
corrected with the Cailliez method (corr="cailliez").
Pearson correlations among functional diversity indi-
ces were computed using cor() (base R), and signifi-
cance tested with a custom function applying cor.
test() (base R). Differences among sites were tested
using Kruskal-Wallis tests (kruskal.test(), base R) for
each index. To investigate the effect of environmental
variables on functional a diversity, generalized linear

models (glm(), base R) with Gaussian errors were fit-
ted for FRic, FEve, and FDis. Stepwise forward selec-
tion (step(), base R) was applied to identify the most
relevant predictors.

Functional p diversity indices were computed
using dbFD() and functcomp() from the FD pack-
age. Negative values were corrected with the Cail-
liez method (corr="cailliez"). Pairwise functional
dissimilarities were calculated using Bray—Curtis
distances (vegdist(), vegan) on the standardized trait
matrices. Global and pairwise differences among sites
were tested using permutational ANOVA (adonis2(),
vegan) on total B diversity, turnover, and nestedness
matrices. Finally, to identify the traits most repre-
sented in each site, we calculated the Community
Weighted Mean (CWM) for each functional trait. The
CWM is defined as the abundance-weighted aver-
age of trait values in a community. The differences
between CWM were tested using Kruskal-Wallis
tests (kruskal.test(), base R) for each trait. All cal-
culations were performed using the dplyr package
(Wickham et al., 2025) for data manipulation and
summarization.

Plant taxonomic a and p diversity

For vegetation communities, the same taxonomic
analyses used for diatoms were applied.

Influence of abiotic factors on diatom and plant
communities

To investigate the joint response of diatom and veg-
etation communities to environmental gradients,
redundancy analysis (RDA) was performed using
the vegan package. The 20 most abundant diatom
taxa and the 20 most abundant vegetation taxa were
selected and their abundance transformed with Hell-
inger standardization (decostand(..., method="hell-
inger"), vegan). Environmental variables were
standardized (scale(), base R) prior to analysis. Sig-
nificance of the overall model, canonical axes, and
individual predictors was tested by permutation tests
(anova.cca(), vegan) with 999 permutations. Vari-
ance inflation factors were calculated using vif.cca()
(vegan) to assess multicollinearity among predictors.
The proportion of explained variance by the first two
canonical axes was computed from the eigenvalues of
the constrained ordination (eig(), vegan).
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Similarly, RDA was performed to assess the influ- varied between 5.9 and 7.8, with slightly more acidic
ence of vegetation composition on diatom communi- conditions in FG and CR (mean 6.8) compared to CP
ties. A full RDA model was computed (rda(), vegan) (7.5). Dissolved oxygen ranged from 58.1 to 110.9%,
with all vegetation variables as predictors. Forward with lower values at CR (71%) than at FG and CP

selection of explanatory variables was performed (83% and 78%, respectively). Cond. varied widely
using ordiR2step() (vegan) with 1000 permuta- (47-552 pS cm™), with CR showing the highest mean
tions, starting from a null model and considering the (197 uS cm™). DIC concentrations were generally
adjusted R” as a selection criterion. The explanatory low (0.37-4.41 mEq L"), with higher averages at CR
power of the final model was evaluated using adjusted (1.7). Nitrate values were low overall (0.02-2.70 mg
R? (RsquareAdj(), vegan). The significance of the L"), with CP reaching the highest mean (0.8). Sul-
model, the individual axes, and each explanatory var- fate concentrations showed spatial differences, from
iable was assessed by permutation tests (anova.ccaf(), 0.61 mg L™ at CR to 2.22 mg L™! at CP. Organic mat-
vegan) with 1000 permutations. The proportion of ter ranged from 15% (FG) to 24% (CP), while total
variance explained by the first two canonical axes was phosphorus was highest at CP (512 ug g™!) and lowest
calculated from the eigenvalues of the constrained at CR (341 pg g™") (Table S2).
ordination. All the physical and chemical parameters ana-
All statistical analyses were performed using R lysed showed positive correlation with all the vari-
software (R Core Team, 2024; version 4.4.2), and sig- ables considered, except for sediment density, O,
nificance was assessed at P <0.05. and SO42_ (Fig. 2a). Standard two-dimension PCA

showed that the distribution of the component con-
centrations was highly concentrated in the upper right

Results quadrant. NO;~, sediment water content, Conductiv-
ity, DIC were the top four variables with the highest
Physical and chemical parameters cos2, hence contributing the most to PC1 and PC2
(Fig. 2b). From the biplot, NO,;~, sediment water con-
The mean temperature across sites was 12.9 °C, rang- tent, Conductivity and OM have higher magnitude

ing from 10.0 °C (CR) to 15.3 °C (CP). pH values compared to T, pH, O, and SO,*".
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Fig. 2 a correlation plot for the physical and chemical param- square cosine value for each variable with respect to the first
eters showing the statistically significative values (*P <0.05) two principal components). Variables that are negatively cor-
and, below, the r Pearson value; b Principal component analy- related are displayed to the opposite sides of the biplot’s origin

sis (PCA) for physical and chemical parameters (cos2=the

@ Springer



Hydrobiologia

Diatom overview and water quality

=An investigation of the epilithic diatoms resulted
in the description of 89 diatom species (Table S3)
in the 13 ponds analysed. Despite sampling epilithic
diatoms from rocks at sites CR4 and CRS5, no dia-
tom cells were observed on the slides. This absence
is likely due to the very short inundation periods,
which may have prevented the establishment of epi-
lithic communities. Other possible factors include
limited availability of colonizing diatom cells due to
site isolation, a predominance of planktonic diatoms
over benthic species, physical disturbance by fauna,
and stochastic variability typical of temporary ponds.
The highest number of species was found in CR
(54), followed by FG (44) and CP (42). Eunotia bilu-
naris (Ehrenberg) Schaarschmidt showed the highest
records with 1760 individuals (34% of the total popu-
lation), followed by Encyonema silesiacum (Bleisch)
D.G.Mann with 729 individuals (14%) and Eunotia
minor (Kiitzing) Grunow with 433 individuals (8%).
Considering the Red List of threatened diatoms, most
of species (n=61) were classified as “Least con-
cern”, n="7 were classified as “Vulnerable” and n=3
as “Endangered”; the remaining ones were classi-
fied as “Not Evaluated” (n=6) and “Data Deficient”
(n=12) (Table S4). Water quality, assessed using the
EPI-D index, varied slightly among the three pond
groups (Table S5). CP showed the highest EPI-D
value (EPI-D=1.37; EPI-D20=13.52), indicating

slightly lower water quality compared to the other
sites. CR presented the lowest EPI-D (EPI-D=1.07;
EPI-D20=14.91), suggesting the best water quality
among the ponds. FG showed intermediate values
(EPI-D=1.15; EPI-D20=14.53).

Diatom taxonomic o and P diversity

Taxonomic species richness (N) ranged from a
minimum of 10 species in CR2 to a maximum of
25 species in CR3. The evenness index (Pielou’s J)
showed the highest values in CP85 (J=0.79) and
CR7 (J=0.77), suggesting relatively balanced com-
munities, while the lowest values were found in FG2
(/=0.44) and CR2 (J=0.47), indicating more uneven
species distributions (Table S6). No significant differ-
ences in taxonomic o diversity were observed among
the three pond groups (FG, CR, CP). Species richness
did not differ significantly between groups (Fig. 3a;
X2=1.26, P=0.53). Similarly, for evenness no sig-
nificant differences were found between the three site
groups (Fig. 3b; X2=2.86, P=0.24). Water conduc-
tivity (Cond) (AIC=68.71) was the only environ-
mental variable significantly associated with variation
in richness (Fig. 3c; z=2.37, P=0.018). Regarding
evenness, forward selection (AIC=-— 18.26) identi-
fied sediment water content (sed.wat.cont) and pH
as the best predictors. However, neither variable
reached statistical significance (sed.wat.cont, t=1.81,
P=0.101; pHt=1.69, P=0.122).
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Fig. 3 Boxplots showing the distribution of diatom o diver-
sity across sampling sites. a Species richness, expressed as the
number of observed taxa. b Pielou’s evenness, indicating the

evenness of species abundances within each site. ¢ Relation-
ship between species richness and water conductivity (uS/cm)
across sampling sites
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Total B diversity (p SOR) was highest at CR (0.79),
followed by CP (0.71) and FG (0.69). Turnover (f
SIM) was the main contributor at all sites, ranging
from 0.66 at FG to 0.73 at CR. In contrast, the nested-
ness component (f SNE) was consistently low across
sites, from 0.018 at CP to 0.062 at CR, indicating that
differences in community composition were primarily
driven by species replacement rather than by loss or
gain of species without replacement.

PERMANOVA showed that total p diversity (
SOR) differed significantly among sites (F=1.96,
R?*=0.28, P=0.006), indicating that the composition
of diatom communities varied across CP, CR, and
FG (Fig. 4a). Turnover component (f SIM) also dif-
fered significantly among sites (F=2.18, R*=0.30,
P=0.002), suggesting that species replacement was
the main driver of community differences. In con-
trast, the nestedness component (§ SNE) did not
differ among sites (F'=0.26, R>=0.05, P=0.746).
Pairwise PERMANOVA for total p diversity showed
significant differences between FG and CP (Fig. 4b;
F=3.02, R®=0.33, P=0.018), while the differ-
ence between CR and CP was marginally significant
(F=1.76, R*=0.23, P=0.053), and no significant
difference was found between FG and CR (F=1.39,
R%2=0.15, p=0.118). Similarly, for the turnover
component, the most pronounced differences were
between FG and CP (Fig. 4c; F=3.31, R?>=0.36,
P=0.015) and CR and CP (F=193, R*=0.24,
P=0.029), whereas FG and CR were not significantly

1.004

Nestedness

Total
Turnover CP85
CP48

0.75- CP21

iversity

0.504

Beta D

0.254
FG1

0.004

CP CR FG

a)

Fig. 4 a Partitioning of f diversity into turnover and nested-
ness components across sampling sites. Bars represent the con-
tribution of each component to total f diversity, with values
ranging from O to 1. b Heatmap of total taxonomic p diversity
(BSOR) among sample pairs. Values range from O (identi-

@ Springer

Taxonomic B diversity | Total

different (F=1.53, R*=0.16, P=0.106). These
results indicate that CP communities were taxonomi-
cally the most distinct, exhibiting higher turnover
and overall functional differentiation compared to the
other sites. In contrast, FG and CR displayed more
similar functional compositions, suggesting less vari-
ation in taxonomic composition between these sites.

The GLM forward selection analyses revealed
that total B diversity was entirely explained by the
two other components, turnover and nestedness
(P<0.001 for both), with no direct effect of envi-
ronmental parameters retained in the final model
(AIC=- 5382). For turnover, sed.wat.cont was mar-
ginally significant (P=0.053), while all other envi-
ronmental variables were not statistically significant.
For nestedness, the environmental variables were not
significant (all p>0.05).

Diatom functional o and f} diversity

FRic values ranged widely across samples
(0.15-111.77), FEve showed a relatively narrow
range (0.37-0.52), while FDis varied between 1.96
and 4.47 (Table S7). Kruskal-Wallis tests revealed no
significant differences among the three sites for FRic
(x*=1.93, P=0.38) and FEve (x?=2.20, P=0.33).
FDis showed a marginal tendency to differ between
sites (X2=4.83, P=0.09), indicating slightly higher
functional dispersion in some sites.

Taxonomic B diversity | Turnover

c)

cal communities) to 1 (completely dissimilar communities). ¢
Heatmap of the turnover component of taxonomic f diversity
(BSIM) among sample pairs. Values range from O (no species
replacement) to 1 (complete species turnover)
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Fig. 5 Relationships between environmental variables and
functional o diversity indices of diatom communities. Gen-
eralized linear models (GLMs) with Gaussian distribution
were fitted to assess the effects of environmental gradients
on three functional diversity metrics: functional richness
(FRic), functional evenness (FEve), and functional dispersion
(FDis). Each point represents a sample, colored by site, while

Functional o diversity showed significant cor-
relation with environmental variables (Fig. 5). For
FRic, the best-fitting model included conductivity
(Cond.), pH, sediment density, and SRP as predic-
tors. FRic increased significantly with higher con-
ductivity (z=0.20, P=0.01) and sediment density
(z=73.05, P=0.058, marginally significant), and
decreased with higher pH (z=- 29.73, P=0.024).
FEve was positively influenced by organic mat-
ter (z=0.0059, P=0.0013) and conductivity
(z=0.00084, P=0.0038), and negatively by nitrate

-@—.— e .
1B QR

1 1 1
12 14 16
sed.density

30 40 50 60 70
sed.wat.cont

Legend

o OCP
®CR
OFG

2'-.11—5—5 i Regression
S042- I line

dashed lines indicate the fitted GLM with 95% confidence
intervals. CP=Castelporziano, FG=Foglino, CR=Ceprano.
02=Dissolved oxygen; Cond=Conductivity; T =Tempera-
ture; OM = Organic matter; DIC =Dissolved inorganic carbon;
NO3-=Nitrate; SO42-=Sulfate; Sed. density =Sediment den-
sity; Sed. wat. cont. =Sediment Water Content

(NO;7, z=— 0.082, P=0.029) and dissolved inor-
ganic carbon (DIC, z=— 0.045, P=0.022). Finally,
Functional Dispersion (FDis) was strongly affected by
sediment characteristics and water chemistry. Sedi-
ment water content (z=0.0598, P=0.0024), sediment
density (z=6.77, P<0.001), and oxygen (z=0.0353,
p=0.0032) were positively related to FDis, while sul-
fate (SO,>, z=— 0.753, P=0.0079) had a negative
effect.

Considering functional B diversity, on average,
the CR and CP sites exhibited higher total functional
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Fig. 6 a Partitioning of functional § diversity into total, turno-
ver, and nestedness components across sampling sites. Bars
represent the contribution of each component to total func-
tional B diversity (values range from O to 1); b Heatmap of
total functional § diversity among sample pairs. Values range
from O (identical functional composition) to 1 (completely

p diversity (0.191 and 0.185, respectively) com-
pared to FG (0.155) (Fig. 6a). This pattern was
primarily driven by turnover, which accounted for
a larger proportion of the total dissimilarity in CR
(0.539) and CP (0.522) than in FG (0.438), whereas
nestedness contributed more to FG (0.562) than in
CR (0.461) or CP (0.478). PERMANOVA analy-
ses confirmed that differences in total functional
B diversity (F=3.592, P=0.008) and turnover
(F=3.592, P=0.008) among sites were statisti-
cally significant, indicating that species replacement
between ponds was a major driver of functional
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dissimilar functional composition); ¢ Heatmap of the turno-
ver component of functional B diversity among sample pairs.
Values range from 0 (no functional replacement) to 1 (com-
plete functional turnover). d Heatmap of community-weighted
mean (CWM) values for functional traits across sampling sites.
CP = Castelporziano, FG =Foglino, CR = Ceprano

dissimilarity. In contrast, nestedness did not dif-
fer among sites (F=— 0.872, P=0.999). Pairwise
PERMANOVA showed that total functional f diver-
sity between FG and CP was significant (F=14.96,
R>=0.714, P=0.021), while FG and CR were mar-
ginally different (F=2.44, R*=0.234, P=0.059)
and CR and CP were not significantly different
(F=1.90, R>=0.241, P=0.159) (Fig. 6b). Similar
patterns were observed for the turnover component,
with FG and CP differing significantly (F=14.96,
R?>=0.714, P=0.023), FG and CR showing mar-
ginal differences (F=2.44, R*=0.234, P=0.061),
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and CR and CP not differing significantly (F=1.90,
R*=0.241, P=0.169) (Fig. 6¢).

Community-weighted mean (CWM) analyses
revealed that the traits showing statistically signifi-
cant variation included MucoTub (P=0.014), Bio-
Vol_C3 (P=0.020), BioVol_C1 (P=0.027), Bio-
Vol_C4 (P=0.040), and ATT_Med (P=0.043)
(Fig. 6d, Table S8). The FG site was characterized
by higher values of MucoTub (1.55) and BioVol_Cl1
(1.17), indicating a dominance of mucilaginous and
larger-sized species, whereas CR and CP ponds had
lower MucoTub values (0.09 and — 0.17) and varied
BioVol_C1 values (1.41 in CR and 0.01 in CP). Bio-
Vol_C4 and ATT Low were more abundant in CP
(0.41 and 0.42, respectively) compared to FG and
CR, suggesting a prevalence of smaller or later-suc-
cessional traits in CP ponds. Medium-sized species
(ATT_Med) were relatively enriched in FG (0.23)
but less represented in CR and CP (— 0.24). Over-
all, these results indicate that FG ponds tend to host
larger, mucilaginous species with moderate size traits,
CR ponds show intermediate trait values, and CP
ponds are characterized by smaller-bodied or pioneer-
associated traits.

Total functional P diversity was not directly
explained by any measured environmental variable.
Similarly, turnover showed no significant relationship
with organic matter (OM), despite being included in
the model. Nestedness was also independent of dis-
solved oxygen (O,) and soluble reactive phosphorus
(SRP), as neither variable had a significant effect
(P>0.4 in all cases). These results indicate that,
within our dataset, the three components of functional
f diversity did not exhibit clear correlations with the
measured abiotic parameters.

Plant taxonomic o and f diversity

A total of 52 plant species were recorded (Table S9).
Species richness varied among samples, ranging
from 3 to 19 species per site, with the highest rich-
ness observed in FG1 (19 species) and the lowest in
CR7 (3 species). Pielou’s evenness ranged from 0.67
to 0.96, indicating generally moderate to high even-
ness across samples, with the most even commu-
nity in CR6 (0.96) and the least even in FG5 (0.67)
(Table S10).

Kruskal-Wallis tests showed no significant dif-
ferences in species richness among the three sites

(FG, CR, CP; x*=1.96, P=0.37). Evenness differed
slightly among sites, with a marginally non-signif-
icant trend (X2=5.41, P=0.067), suggesting that
some sites may host more evenly distributed species
than others. Forward selection of generalized lin-
ear models identified SRP, sediment—water content,
and DIC as the best predictors of species richness.
Among these, sediment—water content showed a sig-
nificant positive effect (estimate=0.022, P=0.038),
while DIC had a marginal negative effect (esti-
mate=— 0.311, P=0.087). For Pielou’s evenness,
organic matter (OM) was the only variable retained
in the forward selection, showing a marginal negative
effect on evenness (estimate =— 0.0055, P=0.079).

B diversity analysis showed that turnover was the
dominant process across sites, with values rang-
ing from 0.50 (CP) to 0.62 (FG), while nestedness
contributed less (0.11-0.18). Overall Sgrensen dis-
similarity (B SOR) ranged from 0.68 (CP) to 0.76
(CR). Permutational ANOVA confirmed that total {3
diversity differed significantly among sites (f SOR:
R*=0.30, F=2.11, P=0.008), driven primarily by
turnover (B SIM: R?>=0.40, F=3.33, P=0.007),
whereas nestedness was not significantly different (
SNE: P=0.87). Pairwise comparisons indicated sig-
nificant differences in total  diversity and turnover
between FG—CP ( SOR p=0.015; f SIM P=0.025)
and CR-CP (f SOR P=0.020; p SIM P=0.019),
while FG—CR did not differ significantly.

Forward selection of generalized linear models
indicated that environmental variables had a limited
influence on P diversity patterns. For total § diver-
sity, temperature (T) and DIC were included in the
best model but were not significant (T, P=0.516;
DIC: P=0.790). Similarly, turnover and nested-
ness were not significantly affected by any measured
environmental parameter, with sediment density and
pH showing only marginal effects (P=0.090 and
P=0.896, respectively).

Influence of abiotic factors on diatom and plant
communities

The RDA of diatoms and vegetation against stand-
ardized environmental variables was not signifi-
cant (ANOVA, F=0.99, P=0.615), indicating that
the measured parameters explained little of the
community variation. Individual axes were also
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Fig. 7 a Canonical redundancy analysis (RDA) ordination of
the top 20 diatom and vegetation taxa in relation to standard-
ized environmental parameters. Arrows indicate the direction
and strength of environmental gradients, while squares repre-
sent species (yellow =diatoms, green=plants) and circles rep-
resent sampling sites. Percentages on axes show the variance
explained by the first two RDA axes. b RDA ordination of dia-
tom communities constrained by vegetation variables treated
as environmental predictors. Arrows represent significant veg-
etation variables selected by forward selection, squares repre-

non-significant, with RDA1 and RDA2 explain-
ing 40.7% and 16.9% of the variance, respectively
(RDA1: F=442, P=0.582; RDA2: F=1.83,
P=0.892) (Fig. 7a). None of the environmental vari-
ables showed a significant effect.

Considering vegetation as environmental vari-
ables, the RDA model explained 65.4% of the total
variance in species composition (Fig. 7b). The first
two constrained axes captured 53.9% and 25.2%
of the constrained variance, respectively, while
the residual (unconstrained) variance accounted
for 19.0% of the total variance. Forward selection
identified six plant species, Callitriche stagnalis L.
(CS), Carex otrubae Podp. (CO), Isoétes longissima
Durieu (IL), Juncus articulatus L. (JA), Agrostis
canina L. (AC), and Glyceria notata Chevall. (GN),
as significant contributors to community structure.
The reduced RDA model including these variables
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sent diatom species, and circles indicate sampling sites. Per-
centages on the axes show the variance explained by the first
two RDA axes. AC=Agrostis canina; CO=Carex otrubae;
CS =Callitriche stagnalis; GN=Glyceria notata; 1L =Isoétes
longissima; JA=Juncus articulatus. O2=Dissolved oxygen;
Cond = Conductivity; T=Temperature; OM =Organic matter;
SRP = Soluble reactive phosphorus; DIC =Dissolved inorganic
carbon; NO3-=Nitrate; SO42-=Sulfate; Sed. density =Sedi-
ment density; Sed. wat. cont.=Sediment Water Content;
*P<0.05a

had an adjusted R® of 0.309 and was significant
overall (F=1.893, P=0.021). Sequential permu-
tation tests by term indicated that CS (F=3.673,
P=0.009) and CO (F=3.575, P=0.002) were
highly significant, while IL (F=1.262, P=0.255),
JA  (F=0.746, P=0.612), AC (F=0.499,
P=0.800), and GN (F=1.604, P=0.152) were not
individually significant. Axis-wise permutation tests
revealed that the first RDA axis (RDA1) explained a
substantial portion of variance and was significant
(F=6.124, P=0.037), whereas subsequent axes
(RDA2-RDA®6) did not reach significance.

Discussions
Studies indicating the influence of physical and

chemical and biotic factors governed by natural
and anthropogenic processes on plant and diatom
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community structure and species richness are still
scarce in MTPs. The present study assessed the influ-
ence of physical and chemical and biotic variations
in influencing the composition and structure of plant
and diatom in MTPs of Lazio. Our results provide the
first contribution to the knowledge of plant and dia-
tom coupled biodiversity associated with MTPs and
their ecological relationship, confirming that both
plants and diatoms represent excellent bioindica-
tors for MTPs (Lumbreras et al., 2016; Ansari et al.,
2017; Taurozzi et al., 2024a). Moreover, considering
the ecological relevance of diatoms for biomonitoring
strategies, our research provides the first insight about
the characterization of typical diatom species inhabit-
ing 3170* Habitats.

Diatom taxonomic a and f diversity characterization

Our results show that diatom communities in MTPs
respond similarly to abiotic conditions typical of the
Mediterranean climate zone. Despite the sites being
subject to different levels of anthropogenic pressures
and management, the number of species recorded
at the three sites was comparable. This is consistent
with the findings from Della Bella & Mancini (2009),
who studied benthic diatoms and macroinvertebrates
in permanent freshwater ponds along a human impact
gradient in central Italy. They found that, while
macroinvertebrate richness decreased with increas-
ing anthropogenic pressure, diatom species richness
alone did not reflect this relationship. This suggests
that these fragile environments, despite their strong
seasonal variability, support diverse communities
that are shaped primarily by large-scale phenomena
(Fehlinger et al., 2023), rather than the intrinsic prop-
erties of the individual water bodies. Likewise, Red
List diatom species were evenly distributed across
taxonomic groups at the different sites. Most of these
species are not currently at risk, indicating that MTPs
provide a suitable environment for the development
and survival of many taxa (Zacharias et al., 2007).
Despite their short hydroperiod, these ecosystems do
not appear to pose particular risks of extinction for
most species. However, the presence of vulnerable
and endangered species highlights the importance of
MTPs in safeguarding fragile species (Beja & Alca-
zar, 2003; Zacharias & Zamparas, 2010). At the same
time, community composition revealed that, although
the CP site is the most protected, being fenced and

inaccessible, the water quality, as expressed by the
EPI-D index, was the lowest. Several hypotheses can
be proposed: First, water quality may be influenced by
indirect atmospheric pollution (Taurozzi et al., 2024a,
b) or by the abiotic characteristics of the site itself
(Akhtar et al., 2021; Ji et al., 2021). Second, as high-
lighted by Dey et al. (2021) and Ouyang et al. (2006),
water quality can also undergo marked seasonal fluc-
tuations. This means that the values recorded at the
sampling sites may represent only a snapshot of the
conditions at the moment of sampling. Finally, it is
important to consider the potential impact of ungu-
lates inhabiting the estate, particularly wild boar.
As demonstrated by Burrascano et al. (2015) in the
nearby Circeo forest, current vegetation patterns
partly reflect the legacy effect of past rooting distur-
bance. In addition, their droppings can affect nutrient
levels in the water, thereby influencing overall water
quality (Hubbard et al., 2004).

When considering o diversity, the sites did not
show significant differences, confirming the prelimi-
nary evidence that Habitat 3170 plays a key ecologi-
cal role in supporting diverse communities, regard-
less of their geographical location. Our results are
consistent with previous studies: for example, Hill
et al. (2019) reported comparable a diversity levels in
macroinvertebrate communities of temporary ponds,
identifying pond surface area, dry-phase duration,
and macrophyte cover as consistent predictors of dif-
ferent facets of a diversity. Similarly, although focus-
ing on invertebrates, Epele et al. (2019) demonstrated
that a diversity in temporary ponds was primarily
driven by local features and only secondarily by cli-
matic descriptors, emphasizing the importance of
intrinsic site characteristics and supporting the obser-
vation that MTPs host similar communities.

Our study also highlights the relationship between
diatom richness and water conductivity in MTPs.
These results are in line with previous findings (Urrea
and Sabater, 2009; Mangadze et al., 2017): conduc-
tivity is frequently associated with changes in diatom
composition in both lentic and lotic environments and
also in temporary ponds (Della Bella et al., 2007).
For instance, Cantonati et al. (2012) demonstrated
in alpine ponds that conductivity represents a funda-
mental parameter for diatom communities. Compara-
ble patterns were also observed in zooplankton (Coc-
cia et al., 2024) and in lake ecosystems (Pestryakova
et al., 2018), confirming conductivity as a key driver
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of aquatic communities. Higher conductivity may
enhance diatom diversity by creating a wider range
of nutrients and chemical microhabitats that promote
coexistence, whereas very low conductivity can limit
resource availability and reduce settlement opportuni-
ties for more demanding species (Chen et al., 2016;
Mangadze et al., 2017).

Conversely, the analysis of taxonomic p diversity
revealed a marked differences among the sites, par-
ticularly between Castelporziano (CP) and Foglino
(FG). This is a noteworthy finding, given that the
two sites share several ecological features, such as
their coastal proximity and the presence of fences
that limit direct anthropogenic pressures (although
FG remains accessible to the public). In addition,
there are no major pollution sources associated
with vehicular traffic. Instead, the observed diver-
gence may reflect more subtle differences related
to the ponds’ hydrological and geomorphological
history, the duration and depth of the hydroperiod,
or the specific characteristics of the substrate and
surrounding vegetation. These factors influence the
availability of diatom microhabitats (Nemes-Kokai
et al., 2024). In addition, FG’s greater ecological
connectivity with neighboring habitats, coupled
with potential indirect anthropogenic pressures
(e.g., recreational or agricultural activities in the
surrounding area), could have contributed to the dif-
ferentiation of its communities compared to CP’s.

This outcome highlights the fact that even simi-
lar environments are not necessarily colonized by
the same species. This suggests that each site acts as
an “environmental filter” that selects distinct com-
munities, as demonstrated by Lozada-Gobilard et al.
(2019) for plants. One possible explanation is that, as
a closed and relatively inaccessible reserve, CP rep-
resents an isolated environment that is less exposed
to anthropogenic disturbance. This isolation may
favor the persistence of distinct communities that
are less influenced by dispersal and colonization
processes from adjacent habitats, thereby increasing
differentiation from other sites (Orsini et al., 2013;
Burns, 2019). In contrast, CR is located near agri-
cultural areas and infrastructure (e.g., the highway),
which likely enhance ecological connectivity with
the surrounding environment and intensify the impact
of anthropogenic pressures (Rudnick et al., 2012;
Baguette et al., 2013; Mullu, 2016). These conditions
could promote diatom communities that are more
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similar to those of FG, where there are unrestricted
access and greater exposure to indirect disturbances.
Finally, the absence of direct effects of the con-
sidered factors on taxonomic f diversity supports the
view, as also suggested by Teittinen et al. (2016), that
environmental variables, particularly chemical ones,
play only a limited role in structuring diatom } diver-
sity, whereas physical factors may exert a stronger
influence. As Michel & Knouft (2014) observed,
chemical and physical parameter, s may primar-
ily affect differences between distinct environments
rather than within the same environment. Although
diatoms clearly respond to abiotic variation, our
results suggest that these parameters do not directly
determine species’ composition and relative diversity.

Diatom functional o and  diversity characterization

The results of the functional trait analysis partially
mirror those observed for taxonomic diversity. Spe-
cifically, functional o diversity did not differ signifi-
cantly among sites, suggesting that FRic remained
relatively constant across the MTPs examined. As
emphasized by Rimet & Bouchez (2012), diatom
life-forms have undergone strong selective pressures,
reflecting adaptations related to attachment, light and
nutrient acquisition, sinking dynamics, and habitat
selection. The temporary nature of the ponds studied
may explain the absence of pronounced differences
in guild distribution across MTPs: species belonging
to the motile guild, thanks to their ability to actively
move, can escape localized disturbances (Stenger-
Kovacs and B-Béres, 2024) and are particularly well
adapted to colonize habitats subject to strong sea-
sonal hydrological and chemical fluctuations, such as
MTPs, regardless of anthropogenic influences (Tau-
rozzi and Scalici, 2024). Furthermore, our findings
confirm the high sensitivity of functional diversity to
abiotic drivers, showing that physical and chemical
variables modulated by temporal dynamics play a key
role in shaping the composition of diatom functional
communities (Riato et al., 2017; Guo et al., 2020).
The correlation between FRic and environmen-
tal variables indicates that ion availability and sedi-
ment—water physical and chemical conditions are
major drivers of diatom functional diversification
(Rusanov et al., 2024). FRic increased with conduc-
tivity, suggesting that higher ionic concentrations pro-
vide more resources and heterogeneous conditions,
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supporting a wider range of traits (Diaz et al., 1998;
Edwards et al., 2013; Batriu et al., 2015). A similar,
though weaker, effect was observed with sediment
density, likely reflecting greater substrate stability
(Beauchard et al., 2022). In contrast, pH showed a
negative effect, probably because alkaline conditions
restrict community composition to tolerant taxa. FEve
was enhanced by organic matter and conductivity,
consistent with studies showing that resource avail-
ability promotes functional heterogeneity (Villacorte
et al., 2015; Blume et al., 2015; Passy et al., 2018;
Gutierrez et al., 2020; Yan et al., 2025). Conversely,
nitrate and DIC reduced FEve, likely by favoring
opportunistic taxa with efficient resource-use strate-
gies (Fasching et al., 2020). FDis increased with sedi-
ment water content, density, and oxygen, but declined
under high sulfate levels. This suggests that stable,
oxygenated sediments promote trait diversification,
whereas sulfate selects for tolerant taxa, reducing
functional variability (Pacheco et al., 2011).

Functional f diversity showed a pattern broadly
consistent with that observed for the taxonomic com-
ponent, with CR and CP displaying higher mean val-
ues than FG. In both cases, turnover was the main
driver of the differences, while the contribution of
nestedness was greater in FG. This suggests that
in the CR and CP ponds, functional dissimilarity is
primarily determined by the substitution of ecologi-
cal traits between species, reflecting communities
characterized by heterogeneous functional strate-
gies that vary across sites. Previous studies confirm
that in temporary and fragmented systems, turnover
typically represents the dominant mechanism of com-
munity differentiation (Baselga, 2010; Heino et al.,
2015), as fluctuating hydrological and microenviron-
mental conditions select for different ecological traits
rather than simply causing diversity loss. Moreo-
ver, the pronounced distinction between FG and CP,
already observed at the taxonomic level, confirms
that these two sites host functionally divergent com-
munities, likely due to differences in anthropogenic
pressures and ecological connectivity with surround-
ing environments.

Community-weighted mean (CWM) analyses have
strong ecological foundations. For instance, Acs et al.
(2019), working on epiphytic diatoms in temporary
saline ponds, demonstrated that stressful environmen-
tal gradients tend to favor functionally more com-
pact communities, whereas less stressful conditions

promote diversification in size and species composi-
tion. Broader trait-based approaches, as discussed by
Weithoff & Beisner (2019), also highlight that cell
size and mucilage are frequently used traits to distin-
guish ecological strategies related to survival, coloni-
zation, and resilience in aquatic systems subjected to
environmental fluctuations. In this context, the pre-
dominance of mucilaginous and larger species in FG
may reflect more stable conditions, favoring organ-
isms with defensive and resistance strategies. By con-
trast, the CP environment, potentially more isolated
or subject to specific stresses such as hydrological
variability or nutrient limitation, appears to promote
species with rapid life cycles and smaller cell sizes,
traits typical of ecological colonizers (Tchabovsky,
et al., 2024).

The selected physical and chemical parameters did
not significantly influence the distribution or func-
tional structure of diatom communities. Our results
do not align with those of Jyrkénkallio-Mikkola et al.
(2016), who reported that diatom f§ diversity was sig-
nificantly related to the general physical habitat struc-
ture and heterogeneity. We also found that, regardless
of spatial scale, B diversity was independent of nutri-
ent levels and that higher enrichment did not affect
diversity, in contrast with the findings of Leboucher
et al. (2019), who reported that diatom f diversity in
streams decreases with nutrient enrichment.

Ecological interplay between plants and diatoms

The results obtained from the analysis of plant com-
munities are consistent with the literature on tem-
porary pond vegetation, in which water availability
and sediment characteristics are key determinants
of diversity. These factors influence both the estab-
lishment and survival of species under hydrologi-
cal stress (Batzer & Baldwin, 2012). As reported by
Della Bella et al. (2008), temporary ponds have fewer
plant species than permanent ones during the flooded
period, but the species found in these two pond types
are highly different In particular, temporary ponds
host more annual fast-growing species, such as Cal-
litriche spp. and Ranunculus spp. The main envi-
ronmental factors influencing plant richness in these
ponds are generally maximum depth, surface area,
dissolved oxygen, and nitrogen concentration in the
water. With respect to  diversity, turnover repre-
sented the predominant component of dissimilarity
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between sites, while nestedness played only a minor
role. Such a pattern is in line with our findings on
diatom communities and with studies on temporary
ecosystems, which emphasize how spatial and tem-
poral variability in hydrological conditions promotes
high turnover, reflecting differences in colonization
and survival among neighboring ponds (Maskova &
Poschlod, 2022; Church, 2008). Overall, plants from
temporary ponds in Lazio exhibit a diversity pat-
tern primarily driven by turnover, consistent with
the ecological dynamics of these highly variable and
fragmented ecosystems. Since  diversity generally
results from the interplay of biogeographic, environ-
mental, and spatial gradients, the correspondence
observed between diatom and plant § diversity in this
study supports our hypothesis regarding the effective-
ness of diatoms as bioindicators for 3170* ponds.
The fact that the combined RDA of diatoms and
vegetation with respect to standardized environmental
variables was not significant indicates that the meas-
ured parameters (conductivity, pH, nutrients, sedi-
ment characteristics, etc.) explained only a small pro-
portion of the variation in community composition.
Ecologically, this may reflect several processes. First,
communities in temporary ponds are often shaped
by stochastic and historical dynamics, such as colo-
nization sequence, random propagule dispersal, and
flooding or drying events, that may override the influ-
ence of physical and chemical conditions (Sahuquillo
& Miracle, 2013; Jeffries, 2011). Second, unquanti-
fied factors such as pond connectivity, trophic pres-
sures (e.g., herbicides, grazing by fauna), may play
a more significant role in structuring communities
(Vanschoenwinkel et al., 2010; Montaiia et al., 2022).
Differently, The RDA results showed that the
included plants (considered as environmental varia-
bles) explained 65.4% of the diatom community vari-
ation. We demonstrated the significant contribution
of Isoétes longissima, Callitriche stagnalis, Glyceria
notata and other dominant plant species in structur-
ing diatom communities. CP’s sites were dominated
by Callitriche stagnalis, that is a driving force for dia-
tom distribution. Eunotia pectinalis Ehrenb., Gom-
phonema italicum (Rabenh.) Kiitz.,, G. olivaceum
(Hornem.) C. Agardh, G. zellense Rabenh., Navicula
cryptocephala Kiitz., N. phyllepta Kiitz., Nitzschia fil-
iformis (Kiitz.) Grunow, N. frustulum (Kiitz.) Grunow
are considered as typical species inhabiting gener-
ally unpolluted, oligotrophic and p-mesosaprobic
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habitats, characterized by low conductivity values,
reflecting the ecological optimum of Callitriche stag-
nalis. Based on the RDA grouping of sites, the C3
site hosted few diatom species, such as Achnanthid-
ium eutrophilum Hustedt, Cymbella excisa (Ehrenb.)
Cleve, Diatoma vulgaris Bory, Gomphonema minu-
tum (Kiitz.) Grunow, G. parvulum (Kiitz.) Grunow,
well adapted to mesotrophic waters with a medium
electrolyte content.

In addition, we reported a preliminary and partial
assessment of the characteristic diatom species inhab-
iting 3170* Habitat, in relation to the typical veg-
etation present. As some plant species are commonly
found in this Habitat, such as Damasonium alisma
and Isoétes longissima, we could hypothesize that the
associated diatom speciesmay also be considered as
common species in these Habitats. For instance, in
our study, Isoétes longissima, is often associated with
Encyonema silesiacum (Grunow) Krammer, Gom-
phonema exilissimum Kiitz., Navicula capitatora-
diata Hustedt and Pinnularia viridiformis W. Smith.
We suggest that this approach could be replicated at
European level to identify the characteristic/diagnos-
tic diatom species of 3170%, thus filling a significant
ecological knowledge gap. Further research should
therefore apply this sampling method to different
3170* ponds to identify diatom species typical of
3170* Habitat.

Finally, the study of 13 sites of the habitat
3170*MTPs in the same geographical area (Lazio)
allowed us to demonstrate that Foglino wood and
Ceprano wood host similar plant and diatom species.
While the two sites differ significantly in terms of
protection measures (Foglino wood is a Natura 2000
site, Ceprano wood is not included in any protected
area), both sites exhibit a similar number of plant
species and Pielou’s index values. Protected areas,
such as those involved in the Nature 2000 network,
have been shown to be valuable instruments for spe-
cies conservation and habitat management, thereby
enhancing the overall quality of target ecosystems
(Chape et al., 2005; Trochet & Schmeller, 2013).
Nevertheless, the lack of routine and targeted man-
agement in the Foglino wood means that it only func-
tions as a Natura 2000 site only in legal terms, failing
to effectively ensure species conservation or habitat
quality. The numerous plant and diatom communities
shared by the two sites highlight their similar conser-
vation status and ecological conditions. On the other
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hand, the Castelporziano site turned out to be well-
preserved ponds, reflecting the high level of protec-
tion within the Reserve. In particular, the diatom and
plant assemblages testify to the undisturbed nature of
the Reserve, and, according to the B diversity analy-
sis, show dissimilar communities in terms of species
richness compared to the other two sites. These differ-
ences also reflect varying levels of protection among
the sites, which were used as a proxy for human
impact. Although a quantitative assessment of anthro-
pogenic pressure was beyond the scope of this study,
we acknowledge that including such a metric would
be valuable for future research. Our results emphasize
the significant impact that human activities can have
on the biotic communities of MTPs (Taurozzi and
Scalici, 2024). The increasing competition from more
commonplace plant species (Zacharias & Zamparas,
2010), the replacement of rare and sensitive diatom
species that are characteristic of MTPs (Blanco et al.,
2020) and the introduction of alien species (Van den
Broeck et al., 2015) are the main threats to the sur-
vival of MTPs plant communities. Otherwise, Red
List diatom species were equally represented across
all three sites.

However, insights on effects of climate change of
3170* Habitat began only few years ago. From the
effects of hydrological regimes on diatom and plant
communities, to the abiotic variations and their influ-
ences on biota inhabiting MTPs, the extent to which
MPs’ bioindicators are predictably impacted requires
knowledge of how the relevant physical and physi-
ological features of 3170* act in terms of intensity
and frequency. In this sense, here we provide the first
evidence that diatoms can be considered ecologically
relevant bioindicators for complementary or alterna-
tive studies on 3170* communities using vegetation
analysis.

Limitations of the study

Although our study was conducted using rigorous
sampling and analytical procedures, certain limita-
tions must be acknowledged, primarily concerning
site selection and seasonal constraints. The selection
of a heterogeneous number of MTPs in the three sam-
pling sites was driven by practical needs: Only MTPs
showing a constant water supply during the win-
ter were selected. We excluded very shallow ponds

(maximum depth lower than 10 cm) and temporary
flooded meadows with extremely reduced hydrop-
eriods, where water levels are too low for reliable
diatom sampling and communities cannot properly
develop despite the presence of typical 3170* vegeta-
tion. Many CP ponds fall into this category, and many
others were excluded due to the absence of typical
3170* vegetation; for this reason, only three pond
sites met the minimum depth and typical vegetation
requirements to be investigated. We also acknowl-
edge that the number of ponds included in this study
is limited, and that further research should extend
sampling to additional sites. Logistical and economic
constraints meant that a broader geographic coverage
was not possible in the present study. Furthermore, it
must be emphasised that the plant community studied
is not representative of all the variability of species
that are present in these environments. The floristic
contingent of therophytes and dwarf plants did not
develop in the spring. Thus, diatoms represent a pos-
sible bioindicators in a specific typology of MTPs.

Conclusions

Studies of MTPs have revealed significant knowl-
edge gaps among different taxonomic groups. Aquatic
and non-aquatic vascular plants are among the most
widely studied organisms and are frequently used as
MTPs indicators. However, data from the scientific
literature reveal that, although the assessment of dia-
tom contribution to evaluating the ecological status
of MTPs but highly sensitive and specific, providing
exhaustive data about environmental changes, it is
poorly exploited. Our research is the first to present
and define the ecological relevance of diatoms and
vascular plants in MTPs in a similar way. The pro-
posed methodology could facilitate the identification
of typical diatom species inhabiting 3170* Habitats,
making conservation activities more effective and
straightforward in practice. Diatoms can be consid-
ered an early warning system as they develop rapidly
and respond rapidly to stress. This research could lay
the groundwork for the future use of diatoms as indi-
cators and proxies for functional monitoring. It was
also observed that physical and chemical parameters
varied significantly between ponds under different
ecological scenarios. Our findings suggest that the
protection measures are crucial for determining the
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plant diversity and diatom autecology when using
diatoms as biomonitoring agents in water quality
assessments in the Mediterranean Region of Lazio.
This would have implications for the development
of tools for water resources included in the Natura
2000 network. However, although some of the sites
included were part of the Natura 2000 network, the
institutional negligence, legal loopholes and anthro-
pogenic impacts rendered this type of protection
ineffective: plant and diatom communities showed
comparable ecological responses to human threats,
highlighting the similarities among communities in
unprotected sites. In contrast, the plant and diatom
communities included in the Protected Reserve sig-
nificantly differed from those in unprotected sites.
The proposed approach could be used to generate a
comprehensive dataset of diatoms typical of 3170*
Habitats which would be useful for monitoring spa-
tial-temporal changes, as well as the anthropogenic
impacts in ponds both inside and outside the Natura
2000 network. Given the novelty of this research, fur-
ther investigations into the ecological relevance of
plants and diatoms in MTPs are certainly needed. The
ecological correspondence between these two biolog-
ical indicators could provide important conservation
insights for stakeholders and contribute to long-term
socio-environmental monitoring plans for protected
areas.
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