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Abstract  Evaluations of wetland restoration have 
often focussed on the role that dispersal, environmen-
tal filters and/or spatial features play in new habitats. 
Success has generally been measured by comparing 
new habitats with reference sites. However, in coastal 
ponds, hydrological connectivity can determine envi-
ronmental constraints as it can influence salinity, 
nutrient concentration, and connectivity strength. 
Based on these premises, we expect that hydrological 
connectivity should be a stronger determinant of com-
munity assembly following restoration. To test this 
hypothesis, we took advantage of a restoration project 
carried out in La Pletera salt marsh (NE Iberian Pen-
insula) and compared the effects of hydrological con-
nectivity and pond age on community composition 
and functioning after restoration. Macroinvertebrate 
communities of 13 ponds (10 new and 3 old) were 

surveyed in 2016, 2017 and 2022. We analysed com-
munity changes over time by comparing nestedness, 
modularity, diversity, and similarity indices between 
pond categories and based on taxonomic and biologi-
cal trait data. Our results showed that hydrological 
connectivity shaped two distinct communities. These 
findings underscore the central role of hydrology in 
community dynamics and highlight the importance of 
integrating hydrological connectivity into restoration 
strategies for coastal ponds.
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Introduction

The growing concern for the conservation and recov-
ery of aquatic habitats has led to the implementation 
of restoration projects in recent decades to maintain 
the ecological and socio-economic importance of 
these habitats (Meli et  al., 2014; Pueyo-Ros et  al., 
2018; Pereira-Lindoso et al., 2025). In some of these 
projects, the creation of new ponds has been under-
taken with the aim of increasing the functionality 
and biodiversity of the habitats, especially in those 
areas where they were desiccated some decades ago 
(Perennou et  al., 2012; Ruhí et  al., 2016). Such ini-
tiatives have provided an opportunity for ecologists to 
study community assembly and colonisation dynam-
ics in newly created habitats (e.g. Coccia et al., 2016; 

Handling editor: Erik Yando

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10750-​025-​05970-7.

A. Equisuany (*) · D. Boix · X. D. Quintana · J. Sala · 
S. Gascón 
GRECO, Institute of Aquatic Ecology, University 
of Girona, Girona, Spain
e-mail: anna.equisuany@udg.edu

D. Cunillera‑Montcusí 
Institute of Aquatic Ecology, HUN-REN Centre 
for Ecological Research, Budapest, Hungary

http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-025-05970-7&domain=pdf
http://orcid.org/0009-0000-9424-0694
http://orcid.org/0000-0001-5468-2236
http://orcid.org/0000-0001-8666-346X
http://orcid.org/0000-0002-4070-1915
http://orcid.org/0000-0002-1227-8566
http://orcid.org/0000-0003-1951-9083
https://doi.org/10.1007/s10750-025-05970-7
https://doi.org/10.1007/s10750-025-05970-7


	 Hydrobiologia

Vol:. (1234567890)

Cabrera et  al., 2019; Hernández-Carrasco et  al., 
2023).

Several ecological processes, at both regional and 
local scales, determine community assembly in time 
and space (De Bie et  al., 2012; Sarremejane et  al., 
2017; García-Girón et  al., 2020) in recently created 
habitats. These early stages of colonisation are deter-
mined by: (1) the egg banks present in the sediments 
(Cabrera et  al., 2019) and (2) habitat connectivity, 
which is determined by both habitat spatial distribu-
tion and the dispersal capacity of species present in 
the region (Cañedo-Argüelles & Rieradevall, 2011), 
that together define a network of interconnected com-
munities (Barnes, 1983; Cunillera-Montcusí et  al., 
2020). Therefore, nested communities will emerge 
at the outset of colonisation, as species in new habi-
tats will represent a subset of the species present in 
the regional species pool (Ruhí et  al., 2013). Later 
on, the abundance of fast colonisers is expected to 
progressively decline because of the arrival of pas-
sive dispersers, resulting in the homogenisation of 
the community with nearby habitats, concomitantly 
decreasing nestedness (Ruhí et  al., 2012). However, 
the relative location within the landscape (i.e. cen-
trality-isolation gradient) of the network of habitats 
may affect this process of homogenisation, making 
it stronger in more central locations which are more 
connected to surrounding neighbours (Cunillera-
Montcusí et  al., 2020). In contrast, isolated habitats 
would present a more heterogeneous assembly, com-
posed of species with good dispersal abilities and 
more subjected to stochasticity and priority effects, 
which occur when a group of individuals establishes 
a new population in a new habitat, monopolising 
available resources at the early stages of colonisation 
(Fukami, 2015). Therefore, over time, the centrality-
isolation gradient may lead to greater modularity at 
the metacommunity level. On the one hand, higher 
connectivity among more central locations would 
lead to a higher presence of the same set of species, 
which would define a group (i.e. module) of com-
munities. In contrast, more isolated communities 
would tend to host more different sets of species (e.g. 
organisms with greater flight capacity), which in turn 
could also explain the formation of other modules 
comprising distinct communities (Economo & Keitt, 
2010; Fletcher et al., 2013). Overall, the influence of 
the centrality-isolation gradient would result in more 
modular structures, where communities are grouped 

into clusters that share more species within the group 
but diverge from other clusters. This contrasts with 
nested structures, where species found in more iso-
lated communities represent subsets of those found in 
more central and connected communities (Borthag-
aray et  al., 2014; 2015; Grilli et  al., 2016). This 
stresses the necessity to account for the spatial struc-
ture in guiding biodiversity management strategies 
(Savary et  al., 2024). Additionally, local processes 
such as biotic interactions and abiotic conditions also 
contribute to community changes during colonisation 
in both new and existing habitats (Waterkeyn et  al., 
2008; Florencio et  al., 2014; Hernández-Carrasco 
et  al., 2023). For example, newly created systems 
can increase habitat heterogeneity at regional scale, 
supporting new species and increasing the complex-
ity of biotic interactions in existing communities 
(Hernández-Carrasco et  al., 2023). Moreover, the 
abiotic characteristics of the habitat, such as conduc-
tivity and surface area, can also influence community 
composition and structure. Indeed, increased conduc-
tivity tends to simplify communities (e.g. decreasing 
species richness; Muresan et al., 2020), while surface 
area is usually positively correlated with species rich-
ness (Basset et al., 2007). The drivers described above 
are closely interconnected and influence key ecologi-
cal mechanisms simultaneously, making it essential to 
consider them collectively (Leibold & Chase, 2018; 
Thompson et al., 2020).

Mediterranean coastal ponds are strongly deter-
mined by hydrological connectivity, which drive com-
munity assembly structure and composition because 
of the alternation of flooding-confinement periods 
(Badosa et al., 2006; Beklioglu et al., 2007; Cabrera 
et  al., 2019). On the one hand, ponds can become 
superficially interconnected, forming a continuous 
aquatic network, as a consequence of flooding events 
(e.g. intense rainfall or occasional seawater input 
after sea storms), but after these events, they will 
progressively become isolated during confinement 
periods (i.e. summer dry months) with the concomi-
tant effects on dispersal between ponds. On the other 
hand, hydrological connectivity affects abiotic con-
ditions (e.g. nutrients, conductivity) enhancing envi-
ronmental filtering and favouring species with spe-
cific traits (Townsend & Hildrew, 1994; Poff, 1997; 
Ruhí et  al., 2014). Such recurrent disturbances may 
facilitate the arrival of species that are better adapted 
to these conditions and thus replace the existing ones 
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(Félix et  al., 2015; Williams-Subiza et  al., 2022). 
Therefore, hydrological connectivity may have the 
potential to be as relevant as other factors (e.g. pond 
age) when assessing post-restoration trends in coastal 
pond metacommunities.

Typically, restoration actions have been evaluated 
by comparing communities in new sites with existing 
ones (Coccia et al., 2016; 2021; Cabrera et al., 2019; 
de Donnová et al., 2022). However, in highly dynamic 
systems such as coastal ponds, hydrological connec-
tivity should also be considered to fully account for all 
the factors driving restoration success. In this study, 
we assess the importance of hydrological connectiv-
ity after a restoration project conducted in several 
Mediterranean coastal ponds located in La Pletera 
salt marsh, in the NE Iberian Peninsula. This restora-
tion project was undertaken to re-establish the coastal 
pond network and to restore its ecological function 
(Hernández et al., 2023). As part of it, several ponds 
were created, allowing us to simultaneously con-
sider pond age (comparing old vs. new ponds) and 
hydrological connectivity (high-connected ponds vs. 
low-connected ponds). We monitored environmental 
parameters and changes in macroinvertebrate com-
munity diversity and composition. Additionally, we 
compared functional metrics across pond categories 
by considering species biological traits. Thus, we 
incorporated a complementary functional perspective 
providing new insights into restoration assessments 
(Antón-Pardo et al., 2025; Bonada et al., 2007; Cad-
otte et al., 2011; Coccia et al., 2024). We tested three 
hypotheses in this study. (H1) Communities in newly 
created ponds will represent a subset of the existing 
ones (i.e. higher nestedness metacommunity struc-
ture) at the beginning of the colonisation process (i.e. 
2016), but they will progressively become modular 
(i.e. increasing clustering within the metacommunity 
network) responding to hydrological connectivity and 
environmental filters. When analysing the changes 
observed over time, we hypothesise (H2) that the rate 
of change in community composition will be greater 
in newly created ponds compared to existing ones as a 
consequence of colonisation. Furthermore, these tem-
poral changes should also respond to differences in 
hydrological connectivity, with low-connected ponds 
becoming more heterogeneous over time, as they 
are less connected to the rest of the system (Jeffries, 
2011). Finally, we also expect that (H3) hydrologi-
cal connectivity will influence community diversity 

and composition during the colonisation process. 
Consequently, we anticipate a decrease in the differ-
ences between new and existing ponds beyond the 
second year (i.e. from 2017 and onwards). However, 
we expect differences to emerge beyond this point 
between ponds due to their hydrological connectivity. 
Functional trait results should align with taxonomic 
community patterns, as hydrological connectivity is 
likely to create two distinct subsets of communities, 
each adapted to specific habitat conditions and char-
acterised by different trait modalities.

Materials and methods

Study area

The studied Mediterranean salt marsh, called La 
Pletera, is located in the NE Iberian Peninsula, in 
Baix Ter Wetlands, between l’Estartit village and 
the mouth of the Ter River. Its frontline is about two 
kilometres parallel to the sea and a foredune. This 
study focuses on a group of temporary and perma-
nent ponds within La Pletera salt marsh that are not 
directly connected to the sea via surface water (Fig. 1; 
Supplementary Material 1). This site constitutes a 
perfect candidate to test our hypotheses, since La 
Pletera landscape was degraded in 1987 due to an 
unfinished urbanistic project, which diminished its 
ecological value and functioning. Later, this area was 
protected and included in the Natura 2000 network. 
In 2002, a Life project (LIFE99NAT/E/006386) was 
implemented, creating three ponds to improve Iberian 
toothcarp [Aphanius iberus (Valenciennes, 1846)] 
populations, an endemic fish species that is in danger 
of extinction. A second Life project (LIFE13NAT/
ES/001001) was conducted between 2014 and 2016 
with the aim of restoring the ecological system and 
its functioning and enhancing the system’s resilience 
to anticipated impacts of climate change. Through 
this project, the remnants of urbanisation were first 
removed, clearing the area of rubble and debris. 
Hydrological and geomorphological studies were 
conducted beforehand to evaluate the feasibility of 
pond creation. Subsequently, holes were dug in the 
cleared ground to form the structure of the ponds, 
which were naturally filled with rainwater and/or 
groundwater. These newly created ponds significantly 
enhanced the connectivity of the salt marsh.
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The hydrology of La Pletera salt marsh is char-
acterised by flooding-confinement cycles. Flooding 
periods are driven by rainfall, sea storms, and ground-
water inputs, whereas confinement periods can result 
in a high decrease of the water level and even des-
iccation in temporary ponds (Quintana et  al., 1998; 
Menció et  al., 2017). These fluctuations influence 
both abiotic conditions and hydrological connectiv-
ity among ponds (Quintana et al., 1998; Badosa et al., 
2006). Following the creation of La Pletera ponds in 
2016, significant floods occurred between Decem-
ber 2016 and February 2017, causing a water level 
rise above 1 m a.s.l (Pascual & Martinoy, 2018), and 

connecting superficially all the ponds. Since hydro-
logical connectivity depends on ground elevation, 
we classified ponds into two groups according to the 
probability of being connected after a flooding event: 
high-connected ponds, which connect even when the 
water level rises below 1 m a.s.l, and low-connected 
ponds, which only connect when water levels surpass 
1 m a.s.l. (Pascual & Martinoy, 2018; Supplementary 
Material 2). Interestingly, this classification, based 
on the hydrological connectivity of ponds, does not 
correspond to their permanent or temporary nature. 
In this sense, when comparing between hydrologi-
cal connectivity, both categories included all types of 

Fig. 1   Map of La Pletera salt marsh showing the location of the thirteen surveyed ponds
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ponds in terms of water permanence. It allows us to 
test how hydrological connectivity influences com-
munity structure and composition during the coloni-
sation process.

Field sampling

For this study, we selected 13 ponds. Three of them, 
all permanent, were designated as “old” ponds, since 
they existed before the second restoration project. The 
other ten ponds, referred to as “new”, were created 
during the second restoration project, between Octo-
ber 2015 and March 2016. One of these is permanent, 
while the others are temporary (Fig. 1).

The selected ponds were surveyed on three occa-
sions: the first year after restoration (2016), the fol-
lowing year (2017) and 6 years later (2022), always 
between April 15 and 20.

In each survey, temperature, conductivity, pH, 
and dissolved oxygen were measured in situ at 0.5 m 
depth with a Hach HQ30d portable multiparameter 
probe. The habitat quality was also evaluated using 
ECELS index (Conservation status of Shallow Len-
tic Ecosystems; Sala et al., 2004). This index allows 
us to assess habitat quality with a value ranging from 
0 to 100, being 100 the highest expected quality of 
a pond. It considers five aspects: (I) pond morphol-
ogy, (II) human activity around the pond, (III) aspects 
of pond water, (IV) emergent vegetation of the pond, 
and (V) hydrophytic vegetation of the pond. Mac-
roinvertebrates samples were taken from each pond 
using a dip-net of 20 cm in diameter and a mesh size 
of 250 µm. We followed the official and standardised 
protocol to assess the ecological status of lentic Med-
iterranean ecosystems (Agència Catalana de l’Aigua, 
2006; Boix et  al., 2005). Thus, we did 20 dip-net 
sweeps of 1 m long in each pond. The dip-net sweeps 
were evenly distributed trying to cover all the present 
mesohabitats. The obtained samples were preserved 
in situ with 4% formalin.

Taxonomic and trait data

In the laboratory, taxa were identified at species level, 
when possible, except for some Diptera and Oli-
gochaeta that were identified at subfamily and family 
level (mainly using Franciscolo, 1979; Jansson, 1986; 
Tachet et  al., 2010; Queney & Prévost, 2021). Iden-
tification was carried out with a stereomicroscope. 

Then, taxa abundance (number of individuals per 
sample) and biological trait abundance were esti-
mated for each pond. Abundance was extrapolated per 
unit of sampling effort (number of individuals in 20 
dip-net sweeps) across the different samples to com-
pare abundance values. We selected seven functional 
traits related to morphology and physiology (maximal 
potential body length and respiration), trophic charac-
teristics (feeding habits and food preferences), resist-
ance potential (dispersal ability, locomotion and sub-
strate relation) and life history (aquatic stages). We 
selected these traits because they are directly linked 
to key ecological processes such as species disper-
sal and mobility (e.g. colonisation of new habitats), 
and species relationship with the environment (e.g. 
resistance to harsher conditions; Español et al., 2014; 
Coccia et  al., 2021; Martini et  al., 2021). Tachet 
et  al. (2010) was used to assign affinities to the dif-
ferent trait modalities. Additionally, we used Budd 
(2008), Faulwetter et  al., (2014)  and polytraits data-
base to assign Polychaeta trait modalities. When taxo-
nomic classification in our data was at family or class 
level, we used the mean of all genera affinities cor-
responding to each group. Affinities were converted 
to fuzzy codes (following Chevene et  al., 1994) and 
weighted by the corresponding sample taxa abun-
dance (number of individuals per sampling effort).

Data analysis

Two factors were included in our analyses: hydro-
logical connectivity (i.e. high-connected vs. low-con-
nected) and pond age (i.e. old vs. new). Additionally, 
to assess changes in environmental conditions over 
the study period, we conducted a principal compo-
nent analysis (PCA) using z-score normalisation for 
the variables. Samples were grouped by surveyed 
years and by the factors under investigation to facili-
tate comparison.

To test our first hypothesis, we calculated meta-
community nestedness and modularity for each 
studied year using bipartite networks. In total, we 
constructed six bipartite networks as a result of 
combining data types (trait or taxonomic) and stud-
ied years (2016, 2017 and 2022). These networks 
define the site-species interactions and provide 
information about the structural properties of the 
metacommunity at each particular moment of the 
colonisation process: just after restoration (2016), 
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a year after restoration (2017), and six years after 
restoration (2022). Therefore, we have two different 
types of nodes, one corresponding to ponds and the 
other corresponding to taxa or traits in each case. 
Network links correspond to the presence of a par-
ticular species or trait in a pond. Abundance was 
also used to weight network links. Then, to assess 
the structural properties of the resulting networks, 
we computed network indices of nestedness NODF 
(Almeida-Neto et  al., 2008) and weighted NODF 
(wNODF) (Almeida-Neto & Ulrich, 2011), as well 
as Modularity-Q (Dormann & Strauss, 2014). The 
NODF and its weighted equivalent, wNODF, are 
metrics directly based on the concept of nestedness 
that assess this property by comparing the degree of 
nestedness for each pair of rows and columns in the 
site x species matrix. wNODF incorporates species 
or trait abundances, providing a weighted version 
of this metric. In contrast, Modularity Q quantifies 
the degree to which the sampled communities are 
structured into different clusters of more similar 
communities, by identifying subsets of nodes (mod-
ules) that are more strongly connected among them-
selves than with the rest of the network. We used 
these metrics to directly quantify these patterns, 
expecting higher nestedness at the beginning of the 
colonisation process, followed by an increase in 
modularity over time, as differences in hydrological 
connectivity will promote divergence among com-
munities. Null models (500 per network using swap 
method) were carried out to obtain standardised 
values (z-values) of network parameters NODF, 
wNODF and Modularity-Q. These null models 
were constructed to conserve marginal totals of 
the matrix (i.e. species or trait richness) and con-
nectance of the observed network (i.e. number of 
links). We used bipartite package v. 2.18 for the net-
work analyses (Dormann et al., 2008; 2009, 2011).

To test our second hypothesis, we analysed the 
magnitude of community composition changes over 
time using community trajectory analyses (CTA). 
Prior to analysis, the data were transformed using the 
Hellinger method, and Bray–Curtis distances were 
calculated based on abundance data. The rate of com-
munity change for the two periods, from 2016 to 2017 
and from 2017 to 2022, was determined by dividing 
the trajectory length of each period by the number 
of years it spanned (i.e. 1 and 5, respectively). Addi-
tionally, we calculated the trajectory net change by 

considering the change along the whole study period, 
from 2016 to 2022. Ecological trajectories were cal-
culated using the package ecotraj v. 0.1.1 (De Cáceres 
et al. 2019; Sturbois et al. 2021, 2023). Differences in 
trajectories between old and new ponds and high-con-
nected and low-connected ponds were assessed with 
nonparametric Wilcoxon tests.

Our third hypothesis aimed to evaluate the impact 
of hydrological connectivity on community assembly. 
To achieve this, we assessed various metrics of taxo-
nomic and functional diversity. On the one hand, we 
used two measures of taxonomic diversity (species 
richness and Shannon–Wiener diversity) which were 
obtained using Hill numbers (Hill, 1973), calculated 
through coverage-based integrations of rarefaction 
and extrapolation. For this, we used the iNEXT pack-
age v. 3.0.0 (Chao et  al., 2014; Hsieh et  al., 2016). 
We used four indices to characterise functional diver-
sity, each capturing different aspect of trait distribu-
tion in communities: Functional Richness (FRic), 
which is the volume of trait space occupied by the 
community; functional Dispersion (FDis), the average 
distance of species to the trait space centroid; func-
tional Divergence (FDiv), the spread of abundances 
towards extreme trait values; and functional Even-
ness (FEve), the regularity of abundance distribution 
within the trait space (Villéger et al., 2008; Laliberté 
& Legendre, 2010). To calculate functional diversity 
indices, we first computed a Gawdis dissimilarity 
matrix (de Bello et  al., 2020) between pairs of spe-
cies traits. This distance matrix was used to perform a 
Principal Coordinate Analysis (PCoA) where six axes 
were considered as dimensions of functional space. 
Finally, functional diversity indices were calculated 
from the position of samples in this functional space 
with package FD v. 1.0.12.1 (Laliberté and Legendre, 
2010; Laliberté et  al., 2014). Linear mixed models, 
including pond identity as a random intercept, were 
used to test the differences in taxonomic and func-
tional metrics (response variables), among levels of 
the two analysed factors (pond age and hydrologi-
cal connectivity). Samples with only one or two taxa 
were excluded from trait analysis. Thus, two sam-
ples taken in 2016 in new ponds were excluded. To 
assess community and modality-trait composition, 
non-metric multidimensional scaling (NMDS) was 
performed on taxonomic and on trait category matri-
ces separately. Abundance data were log-transformed, 
and each trait matrix was transformed with centred 
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log-ratio (as these are compositional data), prior to 
obtaining the Euclidean distance matrices. To assess 
community composition and trait differences between 
factors we used Permutational multivariate analy-
ses of variance (PERMANOVA) (using PRIMER 
v.6 version 6.1.11 with the PERMANOVA + add-on 
v.1.0.1) with the year as a random variable and fac-
tors nested within years. This was coupled with a 
similarity of percentages analysis (SIMPER) to iden-
tify which taxa and trait modalities contributed to the 
observed differences in significant results. Addition-
ally, we used multivariate homogeneity of variances 
(BETADISPER) to assess variance homogeneity 
between groups defined by the two factors studied 
(pond age and hydrological connectivity), to confirm 
the reliability of the significant results from the PER-
MANOVA analyses, since our design is not balanced 

(Anderson and Walsh, 2013). These analyses were 
carried out with the vegan package v. 2.6.4 (Oksanen 
et  al., 2022). All analyses and graphics were per-
formed using the R language, version 4.3.0. (R Core 
Team, 2023).

Results

Environmental variables

The first two axes of PCA explained 68.61% of the 
total variance (Fig.  2). The first axis (45.7%) was 
positively related to habitat quality (ECELS index) 
and negatively related to dissolved oxygen and 
water temperature. The second axis (22.9%) was 
positively related to conductivity, pond size and pH. 

Fig. 2   PCA of environmental variables with distribution of 
samples. Polygons: (a) years, (b) pond age (New/Old), (c) 
hydrological connectivity (High-connected/Low-connected). 

Variables: “cond”, conductivity; “DO”, dissolved oxygen; 
“ECELS “, habitat quality; “size”, pond size; “t”, temperature)
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The distribution of samples in the space and groups 
defined by years showed a decrease in pH, dissolved 
oxygen and conductivity during the surveys (Fig. 2a). 
The factor pond age had a significant effect on habitat 
quality and conductivity, with higher values observed 
in old ponds (Fig. 2b). However, by 2022, new ponds 
had similar habitat quality values to those of old 
ponds, indicating that just six years after restoration, 
new ponds had become comparable to old ones (Sup-
plementary Material 3). In contrast, the factor hydro-
logical connectivity showed a strong overlap between 
high-connected and low-connected ponds, with 
high-connected ponds exhibiting greater variability 
(Fig. 2c).

Nestedness and modularity

When taxonomic data were used to calculate nested-
ness values, no nested structure was observed in any 
of the years. Instead, we identified anti-nested struc-
tures, where the species composition of less rich 
ponds did not represent a subset of the species found 
in richer ponds. The observed nestedness values 
for NODF in 2016 and wNODF in 2016, 2017, and 
2022 were significantly lower than those predicted by 
the null models. In contrast, we did observe signifi-
cant modularity values for the three surveyed years, 
with values higher than those of the null models, 

indicating the existence of a more modular metacom-
munity structure. When we analysed biological traits, 
we also found anti-nested structures. In this case, sig-
nificant results were observed for NODF in 2017 and 
2022, and for wNODF in all years. Modularity-Q also 
showed significant results for the three years in func-
tional networks with higher modularity than the null 
models (Fig. 3).

Temporal trajectories

Community trajectory analyses (CTA) of ponds 
showed that communities changed significantly from 
2016 to 2017 (P1) in all ponds, even in the old ones 
(Fig.  4; Supplementary Material 4). In contrast, for 
the period from 2017 to 2022 (P2), the results showed 
a small amount of change per year. When comparing 
pond age, Wilcoxon analyses showed greater trajec-
tory lengths in new ponds than in old ones for the 
P1 (W = 30, P = 0.01), as well as higher net change 
(W = 29, P = 0.02; Fig.  4a). When analysing hydro-
logical connectivity, differences were only observed 
for P2, in which high-connected ponds showed 
shorter trajectory lengths than low-connected ones 
(W = 6, P = 0.045; Fig. 4b).

Fig. 3   Z scores of the 
metrics calculated in 
bipartite networks (NODF, 
wNODF and Modularity 
Q). Taxonomic network 
refers to species abundance 
network, and traits network, 
to species biological traits. 
Significant values compared 
to null models (P < 0.05) 
are indicated with an 
asterisk
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Local community diversity and composition

Taxonomic and functional diversity indices (i.e. spe-
cies richness, Shannon–Wiener diversity, FRic, FDiv, 
FDis and FEve) did not show differences between 
pond age categories (i.e. old and new ponds) for any 
of the surveyed years (Fig.  5a). In contrast, hydro-
logical connectivity showed significantly lower 

FDis (Fig.  5b) in low-connected ponds in 2022 
(F1,10 = 8.04, P = 0.05; Supplementary Material 5).

Taxonomic results

In total, we found 38 different taxa throughout the 
study, but only 15 of these were found from the 
beginning to the end of the study, indicating a high 

Fig. 4   Ecological trajectory lengths based on changes in com-
munity composition of two studied periods: P1 (2016–2017) 
and P2 (2017–2022) and net change of trajectories (Nc). 

Grouped by (a) pond age (New/Old) and (b) hydrological con-
nectivity (High-connected/Low-connected). Significant differ-
ences (P < 0.05) are indicated with an asterisk

Fig. 5   ANOVA results 
of taxonomic diversity 
indices (Species richness; 
Shannon–Wiener diver-
sity, “SW diversity”) and 
functional diversity indices 
(Functional richness, FRic; 
functional dispersion, FDis; 
functional divergence, 
FDiv; and functional even-
ness, FEve) comparing (a) 
pond age (Old/New) and 
(b) hydrological connec-
tivity (High-connected/
Low-connected). Significant 
differences (P < 0.05) are 
indicated with an asterisk



	 Hydrobiologia

Vol:. (1234567890)

temporal replacement (Supplementary Material 6). 
We did not find significant differences in the vari-
ability of taxonomic composition between levels of 
pond age or hydrological connectivity (Table 1; Sup-
plementary Material 7). Differences in taxonomic 
composition between pond age categories were 
only observed in 2016, the first year after restora-
tion (Table 1). Taxa that contributed to these differ-
ences were the gastropod Ecrobia ventrosa (Mon-
tagu, 1803), dominating old ponds, and dipterans and 
hemipterans that dominated new ponds (Table 2). In 
2017, when all ponds became superficially connected 
due to flooding, the relative abundance of gastro-
pods, polychaetes, and amphipods increased across 

all ponds (Supplementary Material 8), and no fur-
ther age-related differences were detected afterwards. 
In contrast, differences in taxonomic composition 
associated with hydrological connectivity were only 
observed in 2017 and 2022 (Table 1). High-connected 
ponds were characterised by E. ventrosa and Hediste 
diversicolor (O.F. Müller, 1776), while Sigara selecta 
(Fieber, 1848) was more abundant in low-connected 
ponds (Table 2).

Biological traits results

When examining trait composition, no differences 
in variability were observed between pond age and 

Table 1   Results of BETADISPER and PERMANOVA analyses comparing (a) pond age (Old/New) and (b) hydrological connectiv-
ity (High-connected/Low-connected) for each year sampled

Significant values (P < 0.05) are indicated in bold and with an asterisk

Old/New High-connected/Low-connected

BETADISPER PERMANOVA BETADISPER PERMANOVA

year F(1,11) P t(1,11) P F(1,11) P t(1,11) P

Taxonomic
2016 3.87 0.07 2.5 0.003* 0.22 0.64 1.44 0.058
2017 0.77 0.39 0.89 0.5 3.33 0.09 1.61 0.01*
2022 1.8 0.2 0.93 0.53 0.05 0.82 2.17 0.001*

Traits
Maximal potential body length 2016 0.03 0.86 1.21 0.24 0.24 0.63 1.05 0.29

2017 1.72 0.21 0.71 0.53 2 0.17 1.41 0.17
2022 0.003 0.95 0.54 0.83 0.03 0.85 0.58 0.77

Aquatic stages 2016 1.09 0.31 2.49 0.03* 0.18 0.67 0.35 0.86
2017 1.04 0.32 1.97 0.07 0.12 0.72 0.66 0.63
2022 1.36 0.26 1.2 0.26 0.97 0.34 2.31 0.01*

Dispersal ability 2016 0.85 0.37 2.8 0.02* 0.22 0.64 2.07 0.03*
2017 1.86 0.19 0.83 0.43 0.32 0.57 2.34 0.03*
2022 0.24 0.63 0.36 0.83 0.59 0.45 5.05 0.002*

Respiration 2016 0.004 0.94 1.93 0.07 0.1 0.74 3.51 0.001*
2017 0.004 0.94 0.23 0.81 1.2 0.29 3.93 0.01*
2022 0.18 0.67 0.44 0.69 0.44 0.51 4.29 0.003*

Locomotion/ substrate relation 2016 0.02 0.86 1.75 0.07 0.14 0.7 2.21 0.01*
2017 0.73 0.4 0.73 0.58 0.52 0.48 3.14 0.008*
2022 0.03 0.85 0.74 0.55 1.06 0.32 4.31 0.002*

Food preferences 2016 0.72 0.41 2.75 0.004* 0.01 0.9 0.63 0.07
2017 0.002 0.96 1.09 2.78 0.001 0.96 1.07 0.3
2022 0.24 0.63 0.82 0.58 6 0.03* 1.97 0.01*

Feeding habits 2016 0.02 0.88 2.29 0.007* 0.02 0.87 1.35 0.1
2017 0.09 0.76 1.08 0.28 0.65 0.43 1.9 0.046*
2022 0.01 0.91 1.04 0.33 0.08 0.77 2.9 0.003*
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hydrological connectivity categories, with the only 
exception of food preference trait, which showed 
higher variability in high-connected ponds in the year 
2022 (Table  1; Supplementary Material 7). When 
comparing pond age across years, differences were 
observed in some trait composition only in 2016, 
with no differences observed in 2017 or 2022, in line 
with the taxonomic results. These traits were aquatic 
stages, dispersal ability, food preferences, and feeding 
habits (Table 1). The trait modalities that contributed 
more to these differences were markedly different 
between old and new ponds (Table 3). Hydrological 
connectivity showed an increase in compositional dif-
ferences over the study period. Therefore, in the first 
year (2016), we observed differences in the composi-
tion of three traits: dispersal ability, locomotion and 
substrate relation, and respiration. One year later 
(2017), there were four (those observed in 2016 plus 
feeding habits). Six years after restoration (2022), 
there were six (those observed in 2017 plus aquatic 
stages and food preferences; Table 1). Broadly, high-
connected ponds exhibited communities with higher 
abundances of aquatic dispersers with macrophytes 

as a food preference, while low-connected ponds had 
greater abundances of aerial dispersers with living 
macroinvertebrates as a food preference (Table 3).

Discussion

In this study, we described changes in macroinver-
tebrate communities during the colonisation process 
following the creation of new ponds in a salt marsh, 
where hydrological connectivity is expected to be a 
key driver of community assembly. Environmental 
variables indicated higher habitat quality (Sala et al., 
2004) in old ponds compared to newly created ones. 
However, over time, environmental conditions con-
verged, suggesting that new ponds were becoming 
increasingly similar to existing habitats. Despite this 
trend towards ecosystem homogenisation, macroin-
vertebrate communities diverged both taxonomically 
and functionally due to hydrological connectivity, as 
hypothesised.

Table 2   SIMPER results of significant PERMANOVA com-
parisons between pond age (Old/New), and hydrological con-
nectivity (High-connected (HC)/Low-connected (LC)) of the 
taxonomic data, showing contribution of taxa to total dissimi-
larities between factors (Cont. (%)). The contributions listed 

account for at least 65% of the total dissimilarity. Shaded 
squares indicate which group has the highest mean abundance. 
The capital letter next to each species name represents its taxo-
nomic groupa. Note that only the significant PERMANOVA 
results are indicated

Pond age 2016
Taxa Old New Cont. (%)

Ecrobia ventrosa (Montagu, 1803) (G) 23.39
Hediste diversicolor (O.F. Müller, 1776) (P) 11.54

Chironominae (D) 8.42
Gammarus aequicauda (Martynov, 1931) (A) 8.12

Orthocladiinae (D) 7.41
Ficopomatus enigma�cus (Fauvel, 1923) (P) 4.98

Culicoides sp. (D) 4.65
Sigara selecta (Fieber, 1848) (H) 4.49

Hydrological connec�vity 2017 2022
Taxa HC LC Cont. (%) HC LC Cont. (%)

Sigara selecta (H) 16.28 10.5
Ecrobia ventrosa (G) 12.28 12.83

Hediste diversicolor (P) 11.2 4.24
Tubificidae (O) 7.79 -

Chironominae (D) 6.66 5.54
Gammarus aequicauda (A) 5.87 8.54

Hydroporus pubescens (Gyllenhal, 1808) (C) 5.22 5.4
Berosus hispanicus (Küster, 1847) (C) - 8.15
Enochrus bicolor (Fabricius, 1792) (C) - 6.35

Orthocladiinae (D) - 5.55
a A: Amphipoda; C: Coleoptera; D: Diptera; G: Gastropoda; H: Hemiptera; O: Oligochaeta; P: Polychaeta
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Community dynamics in time and space

The period analysed in this study allowed us to dis-
tinguish different community phases. Initially, during 
the early stages of the colonisation process, newly 
created habitats, presented different communities 
from those of the existing habitats, dominated by 
active dispersers (Ruhí et  al., 2012). Subsequently, 
a flooding event connected all ponds superficially 
within the salt marsh, leading to community homog-
enisation between existing and newly created ponds. 
From that point onward, communities diverged only 
as a response to hydrological connectivity. These 
findings support the importance of long-term eco-
system monitoring to detect changes in communities 
(Chase, 2007; Jeffries, 2011).

At the beginning of the colonisation process, con-
trary to our first hypothesis, we did not observe a 
nested structure in La Pletera as observed in other 

studies (i.e. Ruhí et  al., 2013; Coccia et  al., 2016). 
Instead, we observed an anti-nested structure, sug-
gesting that a high number of taxa colonising new 
ponds were actually not present in old ponds. This 
idea is reinforced by the observed modular structures, 
with newly created and old ponds presenting two dif-
ferent communities, or modules, at both taxonomic 
and functional levels.

In a later phase of the colonisation, we expected 
communities to become more similar, as habitats 
tend to become environmentally homogeneous. We 
also expected that this process would be faster if 
ponds are closer or periodically connected hydro-
logically, for example, because of extreme inunda-
tion events (Meutter et al., 2007). Indeed, this hap-
pened in La Pletera during our study with an intense 
storm event right after the restoration (between 
2016 and 2017), which raised the water level above 
1  m a.s.l. Consequently, the salt marsh became 

Table 3   SIMPER results of 
significant PERMANOVA 
comparisons between 
pond age (Old/New), and 
hydrological connectivity 
(High-connected (HC)/
Low-connected (LC)) of 
the traits data, showing 
contribution of trait 
modalities to total 
dissimilarities between 
factors (Cont. (%)). The 
contributions listed account 
for at least 65% of the 
total dissimilarity. Shaded 
squares indicate which 
group has the highest 
mean abundance. Note 
that only the significant 
PERMANOVA results are 
indicated

Pond age 2016

Traits Modali�es Old New
Cont.
(%)

Aqua�c 
stages

nymph 30.36
adult 25.99
larva 24.21

Dispersal 
ability

aerial ac�ve 42
aqua�c passive 36.6

Food 
preference

dead plant>=1mm 23.15
living microphytes 18
living macrophytes 18
detritus < 1mm 14

Feeding 
habits

scraper 29.96
shredder 18.39
deposit feeder 14.55
parasite 11.16

Hydrological connec�vity 2016 2017 2022

Traits Modali�es HC LC
Cont.
(%) HC LC

Cont. 
(%) HC LC

Cont. 
(%)

Aqua�c 
stages

larva - - 36.5
adult - - 29.4

Dispersal 
ability 

aerial ac�ve 43.1 28 39.3
aqua�c passive 33.7 41.5 47.4

Respira�on spiracle 40.7 23.2 27.6
gill 28.6 46.2 45.5

Locomo�on 
and 

substrate 
rela�on

burrower 22.3 8.9 11
full water swimmer 22.2 34.8 38
Inters��al 18.3 - -
crawler 15.2 31.2 29.8

Food 
preference

living macrophytes - - 24.6
living microinv. - - 21.4
dead plant>=1mm - - 19.4
living microphytes - - 11.3

Feeding 
habits

scraper - 34.4 36.7
shredder - 19.2 15
piercer - 18 17.9
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superficially connected and dispersal among ponds 
was feasible even for strictly aquatic dispersers. 
Accordingly, dominant taxa in old ponds (i.e. gas-
tropods and amphipods) colonised some of the 
newly created ones. This aligns with the anti-nested 
structure observed in 2017, as all communities 
became very similar. However, the modular struc-
ture remained, but with a lower clustering coeffi-
cient (i.e. less strong), which indicated that commu-
nities maintained some intrinsic differences. These 
remaining differences appear to be more closely 
linked to hydrological connectivity than to the age 
of pond creation, as the composition of taxa and 
traits was significantly different only in response to 
hydrological connectivity. These compositional dif-
ferences became even more evident six years later 
(i.e. 2022), with the persistence of anti-nested and 
modular structures. While restoration should lead to 
community convergence between old and new ponds 
over time, our study supports the idea of divergent 
trajectories of communities (Chase, 2007). This 
divergence observed in La Pletera can be explained 
by the presence of distinct communities at the out-
set, along with differing hydrological connectivity 
that created two groups of ponds. By 2022, high-
connected ponds hosted species with weak disper-
sal abilities (i.e. aquatic passive dispersers), such as 
gastropods and amphipods, whereas low-connected 
ponds were dominated by aerial active dispersers, 
such as hemipterans and coleopterans. Overall, we 
observed similar changes in community for both 
taxonomic and functional analyses, suggesting that, 
in our case, taxa and functional traits are strongly 
correlated (Cadotte et al., 2013).

The reported trends in communities over time 
were reinforced by the ecological trajectory analy-
sis, which showed that new ponds experienced 
greater changes in community composition than old 
ponds at the early stages of the colonisation, as we 
hypothesised (i.e. H2) coinciding with the findings 
made by Coccia et  al. (2016). The most important 
change was observed during the period from 2016 to 
2017 (P1), which coincided with the flooding event 
that connected superficially all ponds. This implied 
a marked change from the recently colonised com-
munities to more homogeneous communities that 
shared more species with old ponds. During the 
second period, from 2017 to 2022 (P2), changes in 
community composition did not differ between old 

and new ponds. However, compositional changes 
between high-connected and low-connected ponds 
did show significant differences for that period, 
coinciding with our second hypothesis. This was 
likely explained by the divergence of communities 
in low-connected ponds, which remained hydrologi-
cally isolated along that period. Nonetheless, the 
absence of regular surveys between 2017 and 2022 
hinders our capacity to reliably attribute these com-
positional trajectories only to these factors.

The importance of hydrological connectivity

Most studies based on monitoring after a restora-
tion project evaluate the community maturity of 
newly created habitats or the success of restoration 
by assessing the similarities between communities 
of new ponds and existing ones (Moreno-Mateos 
et  al., 2012; 2015; Ruhí et  al., 2016). In some stud-
ies, macroinvertebrate (Español et  al., 2014) and 
plankton communities (Cabrera et al., 2019), achieve 
similar community composition between old and new 
ponds during the colonisation process. In our study, 
only one year was necessary to achieve it. Thus, taxo-
nomic and functional differences between old and 
new ponds were observed only in the first survey, just 
after restoration (i.e. 2016), in which active dispers-
ers were occupying the newly created ponds. How-
ever, coinciding with our third hypothesis, differences 
were observed when comparing ponds regarding their 
hydrological connectivity from 2017 and onwards.

In contrast to existing studies that only found a 
partial effect of hydrological connectivity on com-
munity assemblages (Kang & King, 2013), our results 
suggest that hydrological connectivity is the main 
driver of community composition. Consistent with 
our hypothesis, active dispersers remain important 
in the later colonisation phase (i.e. 2022). This sug-
gests that the isolation, during the first phase of colo-
nisation, of low-connected ponds supports different 
assemblages, providing the opportunity for pioneer-
ing species to establish there in the long term. Thus, 
differences in hydrological connectivity, particularly 
the isolation of some ponds, promote community het-
erogeneity despite the fact that we observed similar 
environmental conditions. Moreover, low-connected 
ponds presented differences in functional diversity 
indices in 2022, with higher functional redundancy 
(indicated by a lower FDis), suggesting that species 
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in these ponds shared similar functional roles. None-
theless, there were no more diversity indices showing 
differences, indicating that the divergence of these 
communities was, mainly, at the compositional level. 
In this sense, high-connected and low-connected 
communities contained different species associated 
with different traits. Thus, in the first year, only traits 
related to the mobility of organisms and their res-
piration differed between high-connected and low-
connected ponds. However, differences in feeding 
habits were added to the previous differences in the 
second year, and food preferences and aquatic stages 
in the last year of the study, overly suggesting that 
these two subsets of communities were diverging over 
time. Unfortunately, we did not measure some water 
variables, such as available organic matter, that might 
also influence community composition (Kang et  al., 
2007). In addition, more extensive monitoring would 
help determine whether community differences 
between high-connected and low-connected ponds 
persist over time or are eventually homogenised 
by recurrent flooding events. It would also provide 
insights into community establishment and the role 
of hydrological connectivity, especially given that 
the recovery of ecological functionality in restored 
habitats may take more than 5 years (Moreno-Mateos 
et al., 2012; 2015).

Conclusion

In conclusion, our results highlight that hydrological 
connectivity could be crucial in shaping community 
composition after restoration. Therefore, it should 
be considered in post-restoration evaluation since it 
might drive differences among communities that, oth-
erwise, could be attributed erroneously to a failure of 
restoration success. By considering spatial factors, 
restoration strategies can be refined to enhance bio-
diversity at a regional level and achieve more resilient 
ecosystems, as also suggested by Visconti & Elkin 
(2009). Recognising hydrological connectivity as a 
key driver not only provides a deeper understanding 
of the ecological processes but also emphasises the 
need to adapt restoration efforts to the inherent prop-
erties of each habitat. This approach could be vital for 
ensuring the long-term success of restoration projects 

by better aligning management actions with the natu-
ral dynamics of the system.
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