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Abstract Wetlands are among the world’s most vul-
nerable ecosystems. Particularly in the Mediterranean
region, farmland ponds are strongly influenced by the
agricultural land use in their surroundings, though
supporting unique biodiversity. This study aimed to
highlight the patterns of farmland pond plant diver-
sity across different pondscapes—networks of inter-
connected ponds within a landscape—and different
spatial scales, from local (pond-scale) to landscape
level (pondscape-scale), with the aim of informing
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conservation planning. We surveyed plant communi-
ties across 45 farmland ponds located in three pond-
scapes of Tuscany in central Italy, with different agri-
cultural land-use extents. We tested species richness
and composition differences using permutational
analysis of variance. Species richness and plant com-
munity composition varied with the extent of agricul-
tural land use in the pondscape. Pondscapes with the
highest agricultural land use extent had lower aquatic
plant species richness, with dominance of species
adapted to anthropogenic disturbance. In contrast,
the pondscape with the lowest agricultural land-use
extent hosted a richer aquatic biodiversity, particu-
larly of helophytes. We found that pond-specific fea-
tures, possibly related to pond management, play a
more significant role than landscape-scale features in
shaping plant diversity. This underscores the impor-
tance of acting on individual ponds in addition to
whole pondscapes for plant conservation purposes.

Keywords Agricultural landscape - Biodiversity -
Plant community - Synanthropic plants - Wetland
plants

Introduction
Wetlands, including artificial water bodies, are
important ecosystems providing habitats for a wide

range of organisms, like freshwater macrophytes,
amphibians, insects, and birds (Simaika et al., 2016;
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Zamora-Marin et al., 2021). Moreover, wetlands
are ecologically highly vulnerable, resulting among
the most threatened ecosystems on Earth (Dudgeon
et al., 2006). In particular, aquatic flora is declining
due to anthropogenic pressures such as urbanisation,
habitat transformation and loss, increasing pollu-
tion, eutrophication, and the spread of alien species
(Bolpagni et al., 2020; Du Toit et al., 2021). Among
wetlands, ponds are a common type of water body,
particularly in human-modified landscapes. Groups
of ponds and their interconnected networks within
a landscape, known as pondscapes (Bartrons et al.,
2024), are highly relevant for biodiversity conserva-
tion (Oertli et al., 2002; Biggs et al., 2017). They play
a crucial role in enabling the movement of plants and
animals across the landscape. Especially in artificial
agricultural environments where physical barriers,
such as roads and cultivated fields, are more preva-
lent than in natural settings, the connections between
ponds serve as stepping-stone habitats for species
movement (Briggs et al., 2019). In agricultural pond-
scapes, permanent ponds usually have an artificial
origin and are created for various purposes, includ-
ing water storage for field irrigation and livestock
watering. These artificial water bodies provide mul-
tiple ecosystem services such as water purification
and pollutant removal (Pedersen et al., 2019; Du Toit
et al., 2021; Meerhoff & De Los Angeles Gonzalez-
Sagrario, 2021). Despite their relatively small size
compared to lakes and other freshwater systems,
farmland ponds play an important role for biodiver-
sity conservation, offering suitable habitats for ani-
mal and plant species of conservation interest within
agriculturally dominated landscapes (Williams et al.,
2004; Angiolini et al., 2019; Bolpagni et al., 2019).
The significance of these small water bodies is further
underscored by the unique biodiversity they support,
particularly in the Mediterranean region (Novikmec
et al.,, 2016; Viciani et al., 2022), where they are
recognised as biodiversity “hotspots” (Fuentes-Rod-
riguez et al., 2013).

Mediterranean wetlands within agricultural land-
scapes are facing biodiversity loss due to intensified
farming practices in their surroundings and to the
abandonment of traditional pond management (Casas
et al., 2012). Land use influences aquatic ecosystems
through various processes operating across multiple
spatial scales, spanning from local (pond-scale) to
landscape scales (pondscape-scale; Buck et al., 2004;
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Declerck et al., 2006). Many studies have demon-
strated that human activities contribute to the decline
of macrophyte diversity (Akasaka et al., 2010). In
particular, intensive agricultural practices often lead
to the simplification of aquatic ecosystems, primarily
due to the removal of riparian vegetation (Meerhoff
& De Los Angeles Gonzélez-Sagrario, 2021). Moreo-
ver, pond area is recognised as one of the main pre-
dictors influencing plant species richness (Bolpagni
et al., 2020). Additionally, pond slope has a role in
shaping aquatic plant communities as ponds with
steep slopes do not support helophyte communi-
ties (Kolada et al., 2024). Therefore, both local and
landscape-scale practices affect the plant diversity of
ponds.

Understanding patterns of plant species richness
and composition in farmland ponds requires consid-
ering the role of spatial scales, to assess the impact
of land-use practices on plant diversity and develop
effective strategies for pond conservation. Accord-
ingly, in this study, we aim (i) to assess the patterns
of plant diversity in three different pondscapes, with
different percentages of agricultural land-use extent,
and (ii) to identify the spatial scale from local (pond-
scale) to landscape (pondscape-scale) having the
highest importance for plant diversity conservation
in farmland ponds. We hypothesised that the overall
species richness decreases as the extent of agricul-
tural land use in the pondscape increases. Addition-
ally, we expected that species composition of plant
communities mirrors the agricultural land-use setting
of the pondscape.

Materials and methods
Study area and selection of ponds

We selected three circular study areas (pondscapes)
with a 10 km radius in Tuscany, central Italy (Online
Resource, Fig. S1). These pondscapes differ in the
percentages of agricultural land-use extent (hereafter
“ALE”). The ALE was quantified for each of the three
10 km-radius pondscapes using Corine Land Cover
maps (ISPRA, 2018) and calculated within the QGIS
environment (QGIS Development Team, 2023).
We classified pondscapes based on ALE as follows:
(1) “Low ALE” (less than 30% of agricultural land
use), (ii) “Intermediate ALE” (agricultural land use
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between 31 and 60%), and (iii) “High ALE” (more
than 61% of agricultural land use). The “High ALE”
pondscape is an area with a prevalence of intensive
cultivation such as cereals, fruits, and vegetables, as
well as livestock farming of cattle and pigs (Lastrucci
et al., 2010; Online Resource, Fig. S2a). The “Inter-
mediate ALE” pondscape is an area characterised
by the interplay of forests and croplands, predomi-
nantly consisting of large extensions of vineyards,
and olive groves (Regione Toscana, 2015a; Santoro
et al., 2020; Online Resource, Fig. S2b). The “Low
ALE” pondscape is an area with a low percentage of
agricultural lands and a high percentage of woods,
especially broadleaf trees, and traditionally managed
croplands and pastures, some of which being aban-
doned (Regione Toscana, 2015b; Online Resource,
Fig. S2c). The mean elevation of these areas is 350 m
a.s.l., ranging from 250 to 570 m a.s.l.

The bioclimate is transitional between temper-
ate and Mediterranean (Pesaresi et al., 2017). The
mean annual temperature recorded between 1991 and
2020 was 14.7 °C, with a range of 6.4 °C in the cold-
est month (January) and 24.4 °C in the hottest month
(August). The mean annual precipitation is 823 mm,
varying between the driest month of July (29 mm)
and the rainiest month of November (125 mm)
(https://www.lamma.toscana.it/clima-e-energia/clima
tologia/clima-siena). The climatic data refer to the

Fig. 1 Spatialisation of the (a) Pondscape
sampling design through
the selection of the a pond-
scapes, b the selection of
the pond, ¢ localisation of
the transect along the pond
perimeter, and d localisa-
tion of the plots (2 m X

2 m) within the pond.

O =out-water plot; W =in-
water plot

(c) Transect

city of Siena, which is situated at a similar elevation
and in the proximity of the three study areas.

Sampling design

We sampled 15 ponds selected within each pond-
scape by extracting water bodies classified under the
“Water Bodies” category (5.1.2) of the Corine Land
Cover map (ISPRA, 2018) using QGIS. We identi-
fied ponds based on the size provided by Ponds Con-
servation Trust, namely considering a surface area
between 1 m? and 2 ha (Collinson et al., 1995; Biggs
et al., 2005). Within each pondscape, we overlaid a
10 km-radius circle divided in a 500 m X 500 m grid,
onto the extracted water bodies. Ponds were then ran-
domly selected, ensuring that only one pond per grid
cell was chosen, using the QGIS tool Random selec-
tion within subsets. To account for potential inac-
cessibility, we repeated the selection process three
times, maintaining a minimum straight-line distance
of 1 km between selected ponds. The selected ponds
range in size from 84 m? to 1.7 ha (mean=0.25 ha,
SD=0.36 ha). Plant community data were collected
between June and August 2023. In each pondscape
(Fig. la), we implemented the following sampling
design: for each pond (Fig. 1b), three points were ran-
domly placed in QGIS along the perimeter, ensuring
a minimum distance of 15 m between them (Fig. 1c).
In the field, at each selected point, two paired plots

(b) Pond

(d) Plot position

@ Springer


https://www.lamma.toscana.it/clima-e-energia/climatologia/clima-siena
https://www.lamma.toscana.it/clima-e-energia/climatologia/clima-siena

Hydrobiologia

(transect) of 4 m? were positioned, one in the water
(in-water plot), starting from the pond shore, and one
on land, positioned 1 m from the shore (out-water
plot). This design resulted in a total of 6 square veg-
etation plots per pond (Fig. 1d). The 1-m buffer zone
from the shore was set based on preliminary surveys
which have highlighted that variations in the water
level during the growing season were constantly
lower than this threshold. In this way, we excluded
transitional vegetation, namely that which remains
submerged during certain periods of the year. Thus,
the surveys in non-aquatic plots exclusively captured
vegetation that remained always emergent.

Data collection

We surveyed a total of 270 vegetation plots (2 posi-
tions X 3 transects X 15 ponds X 3 pondscapes). In
each plot, we recorded all vascular plants and algae
of the Charophyceae class, and we visually estimated
the percentage cover of each species using the follow-
ing intervals: 0.1%, 1% to 10% at 1% intervals, and
10% to 100% at 5% intervals. Vascular plant species
nomenclature follows the Portal to the Flora of Italy
(2024). Charophyceae nomenclature follows Baz-
zichelli & Abdelahad (2009). To gain a deeper eco-
logical understanding of the plant communities in
the three pondscapes and to characterise their con-
servation status, we classified plant species into wet-
lands indicator species (WIS) and synanthropic spe-
cies (SYN). Species have been classified according
to Chytry et al. (2024). Specifically, we considered
WIS those reported as wetland and aquatic species
with an Ellenberg moisture value higher than 7, while
SYN were those reported as synanthropic species. We
included in the latter group also non-native species
(Portal to the Flora of Italy 2024).

Environmental variables

To account for the different morphological charac-
teristics of the three pondscapes and to quantify their
topographic heterogeneity, we calculated the Ter-
rain Ruggedness Index (TRI). The TRI expresses
the amount of elevation difference between adjacent
cells of a digital elevation model (DEM). Rugged ter-
rains are generally linked to less intensive agricultural
practices in agricultural landscapes (Fanfarillo et al.,
2017). Incorporating TRI enabled us to control for
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this relationship, allowing for a more accurate assess-
ment of the effects of other variables. The TRI was
calculated for each plot through the Ruggedness index
function in QGIS using a DEM with a cell size of
10 m X 10 m (Regione Toscana, 2024). By overlay-
ing the plot layer with the TRI using the tool intersec-
tion, we extracted the TRI value for each plot.

Given the differences in size and bank slope
among the ponds, we measured the following eco-
morphological variables: (1) pond area, calculated
in the GIS environment, and (2) bank slope, visually
estimated in the field using four intervals of values
(<25%, 26-50%, 51-75%, and > 76%).

Statistical analysis

For each plot, we calculated species richness and
analysed species composition regarding all species
(ALL), wetland indicator species (WIS), and synan-
thropic species (SYN).

We tested significant differences in species rich-
ness and composition regarding ALL species, WIS,
and SYN by uni- and multivariate permutational anal-
ysis of variance (PERMANOVA; Anderson 2001),
using the PERMANOVA routine in the software
PRIMER 6 and the package PERMANOVA + (Gorley
& Clarke, 2008). Specifically, we tested the effects of
the following factors: (i) “Pondscape” (fixed factor
with three levels: High ALE, Intermediate ALE, and
Low ALE) as a large scale factor (pondscape-scale)
affecting plant diversity, proxy of all factors acting at
the landscape scale (e.g. isolation, agricultural pres-
sure); (ii) “Pond” (random factor nested in Pondscape,
with 45 levels) as a local scale factor (pond-scale),
proxy for pond-specific environmental factors, such
as morphology, hydrology, water chemistry, and man-
agement characteristics influencing plant diversity;
(>iii) “Transect” (random factor nested in Pond, with
135 levels) as a within pond-scale factor, proxy of the
factors acting across the pond; (iv) “Plot position”
(fixed factor with two levels: W =in-water, O =out-
water) to account for the aquatic-terrestrial gradient;
(v) the interaction “Pondscape X Plot position”, and
(vi) the interaction “Pond X Plot position”. The test
on species richness was performed on a Euclidean
distance matrix calculated on untransformed species
richness values, while the test on species composition
was performed on a Bray—Curtis distance matrix on
square-root transformed abundance data. The tests
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were carried out with 999 permutations of residuals
under a reduced model (Anderson & ter Braak, 2003).
In a preliminary analysis we included TRI as a covar-
iable in the PERMANOVA model to account for the
portion of variance potentially explained by terrain
ruggedness. The effect of the TRI on species richness
and composition was never significant, as reported
in Table S1 and Table S2 in the Online Resource;
this allowed us to perform the analyses without this
covariable. After PERMANOVA on species richness
and composition, we calculated the percentage of var-
iation of species richness and composition expressed
by each factor, to identify the most influential one in
shaping plant diversity.

When the “Pondscape” factor or its interaction
with the “Plot position” was significant, a pairwise
t-test was performed to test the significant differences
between the three pondscapes ALE within the in-
water plots and within the out-water plots (Wei et al.,
2012).

To identify the species associated with each of the
three pondscapes and the aquatic-terrestrial gradient
(inside-outside water), an Indicator Species Analysis
(INSPAN) was carried out using the function multi-
patt in the indicspecies package (De Céceres et al.,
2009) of R (version 2024.09.0; R Core Team, 2023).

To visualise the patterns of species composition in
relation to ALE, we performed a non-metric multidi-
mensional scaling ordination (NMDS). The NMDS
analysis was carried out in R using the metaMDS
function in the vegan package (Oksanen et al., 2022),
with Bray—Curtis distances computed using the veg-
dist function and results displayed using the ordispi-
der function highlighting the centroids of the three
pondscapes.

Results

Overall, we recorded a total of 224 taxa for the High
ALE pondscape, 278 taxa for the Intermediate ALE
pondscape, and 282 taxa for the Low ALE pond-
scape. Species are reported in Table S3 in the Online
Resource.

The out-water plots were mainly composed of
therophytes and hemicryptophytes, and in some cases
woody shrub species, such as Rubus caesius L. and
Rubus ulmifolius Schott. The in-water plots hosted
many waterlogged and submerged aquatic vascular

species (Potamogeton crispus L., Potamogeton natans
L., Potamogeton nodosus Poir., Myriophyllum spi-
catum L.), along with some species belonging to the
Characeae (algae), including Chara spp. and Nitella
tenuissima (Desvaux) Kiitzing. Among the helo-
phytes, Phragmites australis (Cav.) Trin. ex Steud.,
Typha angustifolia L., Typha latifolia L. and spe-
cies belonging to Juncus and Schoenoplectus genera
occurred.

The mean values of the eco-morphological varia-
bles are provided in Table S4 in the Online Resource.
Ponds belonging to the High ALE pondscape pre-
sented higher values of pond bank slope (>76% in 5
ponds), while more gentle slopes occurred in ponds
of the Low ALE pondscape (<25% in 9 ponds).

Pondscape, Pond, and Plot position significantly
affected the species richness of the groups of spe-
cies (Table 1). A significant effect of the interaction
between Pond (nested in Pondscape) and Plot position
on species richness also occurred. By contrast, the
effect of transect on species richness and the interac-
tion between pondscape and plot position were not
significant (Table 1).

The differences in species richness between
the three pondscapes are reported in Fig. 2 and in
Table S5 of the Online Resource. Plots located in Low
ALE and Intermediate ALE pondscapes had a higher
number of WIS and a lower number of SYN species
compared to the High ALE pondscape (Fig. 2a).

Although we did not find any significant interac-
tion between pondscape and plot position, we found
differences in species richness between all the pond-
scapes for each level of plot position (Table SS5;
Fig. 2b, c). Specifically, a generally lower number
of overall species and WIS occurred in the in-water
plots of the High ALE pondscape compared to those
in the Intermediate ALE and Low ALE pondscapes,
highlighting a decrease in aquatic species in the for-
mer (Fig. 2b). In the out-water plots, a lower number
of overall species occurred in the High ALE pond-
scape, while a higher number of SYN species were
present in the High ALE pondscape compared to in
the Low ALE pondscapes (Fig. 2c¢).

The values of estimated percentage of variation
of species richness explained by factors are shown in
Fig. S3 of the Online Resource. The total variation
was mainly driven by Plot position (41%, 21%, and
21% explained respectively for ALL species, WIS,
and SYN) and by factor Pond (10%, 22%, and 22%
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Table 1 PERMANOVA results for species richness of all the species and groups of species

Species richness

Factors df ALL WIS SYN

MS Pseudo-F MS Pseudo-F MS Pseudo-F
Pondscape 2 243.70 3.97* 43.20 3.44% 43.20 3.44%
Pond (Pondscape) 42 61.30 2.66%#* 12.50 5.94 k%% 12.50 5.94k%%
Transect (Pond (Pondscape)) 90 22.90 0.97 2.10 1.30 2.10 1.30
Plot position 1 23,745.00  584.41%%:* 233.30 43.36%%** 233.30 43.36%#*
Pondscape X Plot position 2 26.00 0.64 5.10 0.94 5.10 0.94
Pond (Pondscape) X Plot position 42 40.60 1.72%* 5.40 3.34%%*% 5.40 3.34%%*%
Residuals 90 23.50 - 1.60 - 1.60 -
Total 269 - - - - - -

ALL=all species, WIS=Wetland Indicator Species, SYN = Synanthropic species. Nested factors are reported within brackets.
df =degrees of freedom; MS =mean sum of squares; Pseudo-F=F value by permutation; * =p <0.05; **=p <0.01; ***=p <0.001

respectively for ALL species, WIS, and SYN). These
two factors were followed by the Pondscape emerg-
ing as the third most influencing factor in explain-
ing species richness variation (6%, 10%, and, 10%
respectively for ALL species, WIS, and SYN). Tran-
sect explained the lowest percentage of variation (3%,
8%, and 8% respectively for ALL species, WIS, and
SYN).

The composition of all groups of species (ALL,
WIS, and SYN) significantly differed among the
Pondscape, the Pond, and the Plot position. The
interactions between Pondscape and Plot position
and Pond and Plot position, significantly affected
the species composition of all the groups of species
(Table 2). Moreover, species composition varied
among the Transects, except for SYN species.

More specifically, as reported in Table S6 of the
Online Resource, we found statistically significant
differences between the Low ALE and High ALE
pondscapes, as well as between the Intermediate
ALE and High ALE pondscapes. However, we did
not find significant differences between the Low
ALE and Intermediate ALE pondscapes in terms
of species composition. We found similar results
when analysing Pondscape in relation to Plot posi-
tion. Within the in-water plots, we observed sig-
nificant changes in species composition between
the Low ALE and High ALE pondscapes, as well
as between the Intermediate ALE and High ALE
pondscapes. Conversely, we did not find signifi-
cant differences in species composition between the
Low ALE and Intermediate ALE pondscapes. We
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found significant differences in species composi-
tion among all the pairs of pondscapes within the
out-water plots, except for SYN species composi-
tion between the Low ALE and Intermediate ALE
pondscapes.

The plot position accounted for 17%, 11%,
and 21% of the total variation respectively for
ALL species, WIS, and SYN while factor pond
explained 17%, 19%, and 17% of the total variation
respectively for ALL species, WIS, and SYN (Fig.
S4 of the Online Resource). Pondscape accounted
for 7%, 8%, and 4% of the total variation respec-
tively for ALL species, WIS, and SYN (Fig. S4
of the Online Resource). Transect explained the
lowest percentage of variation (5%, 7%, and 4%
respectively for ALL species, WIS, and SYN).

The results of the indicator species analysis
showed a prevalence in the High ALE pondscape
of SYN and ruderal species, such as, Convolvulus
arvensis L., Lactuca sativa L. subsp. serriola (L.)
Galasso, Banfi, Bartolucci & Ardenghi, and Tori-
lis arvensis (Huds.) Link subsp. arvensis, along
with alien species like Symphyotrichum squama-
tum (Spreng.) G.L.Nesom in the out-water plots.
Conversely, the Intermediate ALE pondscape fea-
tured a mix of SYN and shrub species, such as
Medicago lupulina L. and Spartium junceum L.
The Low ALE pondscape was characterised by a
greater abundance of woody species like Quercus
cerris L. and Ulmus minor Mill. subsp. minor
(Table 3).
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Fig. 2 Boxplots of species
richness of all the species
and groups of species, of
(a) all plots and (b) within
the two plots positioned
in-water, (¢) out-water,
according to pondscape
ALE (Low ALE, Inter-
mediate ALE, and High
ALE). ALL =all species,
WIS = Wetlands Indicator
Species, SYN = Synan-
thropic species. Single
dots represent outliers. The
median is represented by
the thick horizontal line.
Different letters indicate
statistically significant dif-
ferences at p <0.05
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Table 2 PERMANOVA results for species composition of all the species and groups of species

Species composition

Factors df ALL WIS SYN

MS Pseudo-F MS Pseudo-F MS Pseudo-F
Pondscape 2 18,930.00 2.7 1k 18,535.00 3.03%:#:* 7696.30 1.50%
Pond (Pondscape) 42 16,914.00 3.7k 6126.00  3.88%#:* 5101.40  3.48%%*
Transect (Pond (Pondscape)) 90 1882.20 1.08%** 1578.70 1.13%* 1465.50 1.05
Plot position 1 126,880.00 22,097 41,233.00 9.86%** 1.28 33.887%**
Pondscape X Plot position 2 16,914.00 2,945k 10,917.00 2.61%** 12,103.00 3.20%*
Pond (Pondscape) X Plot position 42 5743.90 3.20%*% 4189.10 3.01%** 3777.00 2. 71%%%
Residuals 90 1744.10 - 1388.60 - 1393.40 -
Total 269 - - - - -

ALL =all species; WIS =Wetlands Indicator Species; SYN =Synanthropic species. Nested factors are reported within brackets.
df =degrees of freedom; MS =mean sum of squares; Pseudo-F=F value by permutation; * =p <0.05; **=p <0.01; ***=p <0.001

The in-water plots of the High ALE pondscape
were characterised by nutrient-requiring species like
Zannichellia palustris L. and Chara globularis Thu-
iller. In contrast, the in-water plots of the Intermediate
ALE and Low ALE pondscapes were characterised
by WIS like M. spicatum, P. nodosus, Juncus subnod-
ulosus Schrank, Schoenoplectus lacustris (L.) Palla,
and Schoenoplectus tabernaemontani (C.C.Gmel.)
Palla and by some WIS also classified as SYN such as
Lemna minor L., T. angustifolia, and T. latifolia.

The difference in species composition between
the three pondscapes, as visualised in the NMDS,
is reported in Figure S5 of the Online Resource. A
clear separation in species composition between the
three pondscapes is observed in the in-water (Online
Resource, Fig. S5b) and out-water plots (Online
Resource, Fig. S5¢) while a greater overlap between
the pondscapes occurs when considering all the plots
(Online Resource, Fig. S5a).

Discussion

Our study revealed that Mediterranean farmland
ponds within pondscapes with varying agricultural
land-use extent (ALE) exhibit significant variations
in plant species richness and composition. Pondscape
factor was not the only factor affecting plant species
richness and composition variation. Plant diversity
was also influenced by local factors (pond-scale),
such as pond shape, hydrological dynamics, water
quality, and management practices. For this reason,
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differences in species richness and composition were
observed between aquatic and terrestrial plots, as well
as among ponds within the same pondscape. Con-
versely, we found differences between transects of the
same pond only for species composition meaning that
the heterogeneity within the pond affects the compo-
sition of communities but not their overall species
richness. Moreover, the pondscape factor was not the
most important factor affecting plant species richness
and composition. The water-land gradient occurring
in each pond along with pond-specific characteristics,
contributed to the higher variation in plant diversity,
emphasising that a higher variation in plant diversity
occurs at the scale of individual ponds rather than
across the entire pondscape.

Effects of agricultural land-use extent on the species
richness and composition of plant communities

In accordance with our first hypothesis, we found
a decline in species richness with increasing ALE
in the pondscape. Declerck et al. (2006) found that
intensive livestock land-use alters the physicochemi-
cal conditions of pond water through nutrient runoff,
leading to eutrophication and a consequent reduction
in plant species richness. This finding confirms that
anthropogenic land uses have a negative impact on
the plant diversity of small water bodies (Bolpagni
et al., 2019; 2020). Additionally, as expected, species
composition of plant communities was affected by
the ALE in the pondscape, with synanthropic species
being more abundant in the ponds of the High ALE
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Table 3 Results of the indicator species analysis for the entire plant communities between plots positions, according to the pond-
scape agricultural land-use extent (ALE)

Low ALE Intermediate ALE High ALE
Species IndVal  Species IndVal  Species IndVal
All plots Carex flacca subsp. flacca 0.458** Rubia peregrina 0.434** Torilis arvensis subsp. 0.450%*
arvensis m
Lotus dorycnium 0.414**%  Mentha aquatica subsp. 0.373*  Avena sterilis subsp. 0.437
aquatica Am sterilis m ok
Prunus spinosa subsp. 0.411*%  Carex pendula Am 0.358**  Acer campestre 0.391%#%*
spinosa
Xeranthemum cylindra- 0.393**  Medicago lupulina m 0.339%*  Lactuca sativa subsp. 0.375%%*
ceum serriola m
Quercus cerris 0.374**  Laurus nobilis 0.298**  Convolvulus arvensis m 0.373%%*
Ulmus minor subsp. 0.298*%  Medicago minima 0.297**  Symphyotrichum squa- 0.349%*
minor matum m
Lotus hirsutus 0.297**  Clematis vitalba m 0.284**  Galium aparine m 0.315%*
Juncus subnodulosus A 0.296** Eupatorium cannabinum 0.279%*  Lysimachia arvensis m 0.296%**
subsp. cannabinum Am
Linum trigynum 0.293**  Spartium junceum 0.261%*  Equisetum ramosissimum 0.293*
Am
Agrimonia eupatoria 0.290*  Fallopia convolvulus m 0.236**  Epilobium tetragonum 0.292%%*
subsp. eupatoria Am
In-water plots  Typha latifolia Awm 0.404**  Veronica anagallis-aquatica ~ 0.293*  Zannichellia palustris A  0.250*
subsp. anagallis-aquatica A
Juncus subnodulosus A  0.368%* Potamogeton nodosus A 0.288*%  Chara globularis A 0.246%*
Typha angustifolia Am 0.309*%  Chara gymnophylla A 0.258%* -
Lemna minor Am 0.276*  Myriophyllum spicatum A 0.258%* -
Schoenoplectus lacustris ~ 0.258 *  Nymphaea X marliacea Am  0.258% -
A
Schoenoplectus tabernae- 0.258* - - -
montani A
Out-water Carex flacca subsp. flacca 0.648** Rubia peregrina 0.613**  Torilis arvensis subsp. 0.636%*
plots arvensis m
Lotus dorycnium 0.586** Medicago lupulina m 0.479%*  Avena sterilis subsp. 0.619%*
sterilis m
Prunus spinosa subsp. 0.581%*  Laurus nobilis 0.422%*  Acer campestre 0.553*%*
spinosa
Xeranthemum cylindra- 0.556** Medicago minima 0.420%* Lactuca sativa subsp. 0.530%%*
ceum serriola m
Quercus cerris 0.529%*  Clematis vitalba m 0.401**  Convolvulus arvensis m 0.527%%*
Lotus hirsutus 0.419*%*  Eupatorium cannabinum 0.394%%  Symphyotrichum squa- 0.494%%*
subsp. cannabinum Am matum m
Juniperus communis 0.419%*  Bromus hordeaceus subsp. 0.380*%* Galium aparine m 0.445%%*
hordeaceus
Linum trigynum 0.415%*% Carex pendula Am 0.373**  Bidens frondosa m 0.424%*
Agrimonia eupatoria 0.410%*  Spartium junceum 0.369%*  Lysimachia arvensis m 0.418%%*
Knautia integrifolia 0.391%*  Crepis capillaris m 0.366** Equisetum ramosissimum 0.414%%*

Am

Only the 10 species with the highest indicator values are shown. *=p <0.05; **=p<0.01; ***=p<0.001. A =WIS (Wetland Indi-
cator Species); m=SYN (Synanthropic species). The full species list is available in the Online Resource (Table S7)
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pondscape, while wetland indicator species showing
an opposite trend. This trend is particularly evident
in the out-water plots. In the High ALE pondscape,
synanthropic species such as Lysimachia arven-
sis (L.) U.Manns & Anderb. and T. arvensis subsp.
arvensis and many alien species—mostly invasive in
our study area—such as Bidens frondosa L., Erigeron
sumatrensis Retz., and S. squamatum, were present.
Alien taxa tend to be abundant in ponds of High ALE
pondscape, having a lower level of naturalness with
respect to the other two pondscapes. Pondscapes like
High ALE pondscape are heavily impacted by agri-
culture and have a scarcity of forest habitats, which
act as a barrier to invasion (Houlahan et al., 2006;
Bolpagni & Piotti, 2016). On the contrary, in the Low
ALE pondscape, species of forest understory, such
as Clematis vitalba L., Eupatorium cannabinum L.
subsp. cannabinum, and Rubia peregrina L., replaced
species typical of anthropogenic and disturbed habi-
tats. Moreover, woody species like Quercus cerris
and Ulmus minor subsp. minor dominated, suggesting
a high degree of naturalness and ecological succes-
sion resulting from abandoned fields and transition to
forest. The in-water plots of the High ALE pondscape
were characterised by the presence of Z. palustris and
C. globularis, both indicators of eutrophic conditions
due to agricultural runoff (Petechaty et al., 2004; Poi-
kane et al., 2018). Conversely, the in-water plots of
the Low ALE pondscape showed the presence of the
rare Characeae species N. tenuissima and helophyte
species Baldellia ranunculoides (L.) Parl., both not
previously recorded in southern Tuscany (Peruzzi
et al., 2024; Ravera et al., 2024). These two are indi-
cator species of specific habitats. N. tenuissima is
an indicator species of the Habitats Directive 92/43/
EEC “Hard oligo-mesotrophic waters with benthic
vegetation of Chara spp.” (code 3140; Biondi et al.,
2009) and grows in natural conditions and not dis-
turbed environments characterised by shallow waters,
absence of turbidity and pH near to neutrality (Caf-
frey & Monahan, 1994; BlaZenci¢ et al., 2018). B.
ranunculoides is a diagnostic species of EUNIS habi-
tat “Oligotrophic-water vegetation” (code P3f; Chytry
et al., 2020) and is characteristic of unpolluted waters.
Its sensitivity to elevated nutrient levels, primarily
caused by intense agriculture, has contributed to its
considerable decline (Chytry et al., 2024). In ponds
within Intermediate ALE and Low ALE pondscapes,
the gently sloping margins supported helophyte
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species of the genera Carex, Juncus, Schoenoplec-
tus, and Typha. Furthermore, in ponds within Inter-
mediate ALE and Low ALE pondscapes, the gradual
transition to deeper water promoted the presence of
submerged macrophytes such as M. spicatum and
Potamogeton spp. Biomass of submerged macro-
phytes is strongly influenced by slope with a strong
decrease in biomass with strong inclined slopes
(Kolada et al., 2024).

Effect of factors at different spatial scales on
the species richness and composition of plant
communities

The landscape factor (pondscape) was not the most
important factor affecting plant species richness and
composition variation. Plot position along the water-
land gradient was the factor contributing the most to
the variation in plant diversity. Aquatic and terrestrial
plant communities have a different ecology and there-
fore a different species composition. Moreover, this
result highlights that very different ecological condi-
tions can occur within a very small spatial scale. Per-
manent waters sustain aquatic plant diversity and sup-
port unique and rare plant communities (Davies et al.,
2008), fostering the growth of species with specific
adaptations (Den Hartog & Segal, 1964). Further-
more, the percentage of variation in species richness
and composition explained by factors showed that the
greatest variation in plant diversity was associated
with ponds within different pondscapes. This finding
suggests that the higher variation in species richness
and species composition can occur at pond-scale,
not at pondscape-scale. This result is in agreement
with previous findings for badlands and winter arable
fields (Maccherini et al., 2011; Fanfarillo et al., 2023)
highlighting that local gradients exert a stronger influ-
ence on plant communities than broader landscape
gradients (Bolpagni & Piotti, 2016; Fernandez-Alaez
et al., 2020). This outcome also emphasises the
uniqueness of Mediterranean ponds and underscores
their role as examples of the ecological phenomenon
of patchiness. Often described as wet isolated patches
in a dry matrix, these ponds are shaped by processes
characteristic of patchily distributed habitats. Species
disperse and migrate between patches, creating net-
works interconnected through physical and biological
processes (Biggs et al., 2017). Accordingly, the land-
scape context remains an important factor of diversity
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conservation (Sawatzky et al., 2019). However, a dis-
tinctive feature of pondscape is the heterogeneity of
the plant and animal communities hosted within indi-
vidual ponds. In the same pondscape, single ponds are
subjected to specific natural variations such as hydro-
periods and direct agricultural management (Jeffries,
2009) resulting in significant biodiversity differences
among ponds. Accordingly, variations at small (local)
scales give rise to diverse plant communities. For this
reason, from a biodiversity conservation perspective,
it is important to preserve several small environments
and not only a few large environments (Parker et al.,
2012), mirroring the micro-reserves for plant con-
servation established in Spain (Laguna et al., 2004,
2016).

Conclusions

The central finding of this study is the significant
contribution of each farmland pond to overall plant
diversity. Though not originally created for conser-
vation purposes, Mediterranean farmland ponds play
a crucial role in maintaining biodiversity, especially
those located in pondscapes with lower levels of agri-
cultural land-use. These small water bodies, despite
experiencing varying agricultural land-use extents in
their surroundings, host plant species of conservation
interest, highlighting the importance of their pres-
ervation. Pond-scale hosts a higher variation in spe-
cies richness and composition compared to the wider
spatial scales. We suggest that rather than exclusively
focusing on the protection of entire pondscapes, a
more effective approach may be to prioritise the con-
servation of individual ponds. Moderate human activ-
ity around these ponds can be to some extent benefi-
cial, as it helps prevent natural degradation through
drying out or filling-in processes. Our findings under-
score the significance of Mediterranean farmland
ponds as unique ecosystems and emphasise the need
for targeted conservation efforts at pond level to pro-
tect freshwater plant diversity.
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