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Abstract
Aim: The maintenance of broad-scale connectivity patterns is suggested as a sustain-
able strategy for biodiversity preservation. However, explicit approaches for quanti-
fying the functional role of different areas in biogeographic connectivity have been 
elusive. Freshwaters are spatially structured ecosystems critically endangered because 
of human activities and global change, demanding connectivity-based approaches for 
their conservation. Mass effects—the increase in local diversity by immigration—and 
corridor effects—the connections with distant communities—are basic and relevant 
mechanisms connecting diversity with landscape configuration. Here, we identified 
freshwater hotspots areas for mass and corridor effects across Europe.
Location: Europe.
Methods: Using satellite images, we quantified the areas of ephemeral, temporal and 
permanent freshwaters. The landscape structure of the freshwater ecoregions was 
represented as a directed-graph, and the link weights were determined by the dis-
tance between cells and the water cover. Three centrality metrics were used to rank 
freshwater areas with respect to their potential role in dispersal-mediated mecha-
nisms. Out-degree represents the potential of an area to operate as a diversity source 
to other regions. In-degree reflects the importance that incoming dispersal may have 
in local diversity. Betweenness refers to the importance of local areas for connecting 
other distant areas.
Results: We detected great concentrations of source hotspots on the northern re-
gions associated to lentic ecosystems, main European rivers acting as ecological corri-
dors for all freshwaters, and a mixed distribution of connectivity hotspots in southern 
and Mediterranean ecoregions, associated with lentic and/or lotic systems.
Main Conclusions: We showed an explicit connection between landscape structure 
and dispersal process at large geographic scales, highlighting hotspots of connectivity 
for the European waterscape. The spatial distribution of hotspots points to differ-
ences in landscape configurations potentially accounting for biogeographic diversity 
patterns and for mechanisms that have to be considered in conservation planning.
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1  |  INTRODUC TION

The current global biodiversity crisis is strongly influenced by 
human impacts on natural ecosystems (Cazelles et al., 2019; Didham 
et al., 2020; Ripple et al., 2019). Climate change, landscape fragmen-
tation and habitat loss have been highlighted as being directly re-
sponsible for global biodiversity declines (Barnett & Belote, 2021; 
Haddad et al., 2017; Leibold & Chase, 2018; Urban & Keitt, 2001). 
Notably, all these drivers imply the loss of broad-scale connectiv-
ity patterns (Carroll et al.,  2018; Dinerstein et al.,  2019; Marrec 
et al.,  2020). The maintenance of the landscape connectivity has 
been suggested as a climate change adaptation strategy for biodi-
versity preservation and management (Game et al.,  2011; Krosby 
et al.,  2015), which allows species to track changing habitat con-
ditions (Carroll et al.,  2018; Game et al.,  2011). Moreover, the 
Convention on Biological Diversity (CBD) has recommended the 
creation of well-connected networks to mitigate threats to biodiver-
sity as a global conservation priority (Álvarez-Romero et al., 2018; 
Dinerstein et al., 2019; Saura et al., 2018). Thus, identifying regions 
that play a key role in maintaining landscape connectivity remains 
of the outmost importance to prevent ecosystems and populations 
from becoming isolated, preserving global biodiversity (Barnett 
& Belote,  2021; Carroll et al.,  2018; Dinerstein et al.,  2019; Ward 
et al., 2020; Wood et al., 2022). In this context, quantifying the func-
tional role of different areas for alternative dispersal processes is an 
urgent challenge.

The landscape connectivity pattern delineates the potential 
routes for multiple species to disperse at broad scales (Barnett & 
Belote,  2021). In addition, basic ecological mechanisms could be 
linked to these connectivity patterns at large geographic extents. 
The flow of individuals through the landscape may impact biodiver-
sity by mass effects, in which source communities enhance the di-
versity of sink communities (Brown & Kodric-Brown, 1977; Leibold & 
Chase, 2018; Shmida & Wilson, 1985). Large patch sizes and/or cen-
tral locations in the landscape foster communities to act as a source 
of individuals to other communities, such that these communities 
have a disproportionately large role in determining diversity patterns 
at the landscape level (Carroll et al., 2018). Complementary to mass 
effects, some locations may have a large role in maintaining spatial 
diversity because they are required to connect distant regions of 
the landscape—i.e., the corridor effect (Haddad et al., 2011, 2014; 
Keitt et al., 1997). Theoretical and empirical evidence consistently 
supports these mass effects and corridor effects as basic and rele-
vant mechanisms connecting diversity with landscape configuration 
(Hanski, 1999; Li et al., 2021; Saura et al., 2014). These mechanisms 
may be particularly relevant at large geographical scales where the 
connections among distant communities involve the interchange of 
individuals with larger taxonomic and functional differences (Carroll 

et al.,  2018; Soininen,  2016). Consequently, assessing the roles of 
local regions at a continental scale beyond geopolitical boundaries 
is emerging as a main challenge in advancing the understanding 
of global biodiversity patterns and their management (Barnett & 
Belote, 2021; Dallimer & Strange, 2015).

A network-based approach has been used to quantify the 
landscape features directly connected to regional processes that 
may impact biodiversity patterns (Barnett & Belote,  2021; Carroll 
et al., 2018; Keitt et al., 1997; Urban & Keitt, 2001). This involves 
resuming the size and spatial distribution of the habitats and their 
connections as weighted graphs, in which nodes represent local 
areas and connections represent the potential flow of individuals 
among them (Borthagaray et al.,  2014, 2020; Cunillera-Montcusí 
et al.,  2021; Economo & Keitt,  2010). Representing the landscape 
structure as a spatial graph allows the estimation of graph-centrality 
metrics directly connected with the mass effects and corridor ef-
fects of local communities (Saura et al., 2014; Urban & Keitt, 2001). 
These metrics enhance our ability to identify core areas and priority 
ecological corridors for preserving some dispersal-mediated mecha-
nisms that determine global biodiversity (Carroll et al., 2018).

Specifically, the landscape structure could be represented by a 
weighted and directed graph, with link weights estimated as a func-
tion of the distance between cells and the water cover of the source 
cell, for example the incidence function of Hanski  (1999). In this 
graph, the basic mechanisms connecting landscape dispersal with 
the global biodiversity pattern could be thought of in terms of three 
centrality metrics (Figure 1). In this sense, we could quantify the rel-
evance of each community either as a ‘source’ for their neighbours—
out-degree centrality—a ‘sink’ receiving immigration from its 
neighbours—in-degree centrality—or a ‘stepping-stone’ being key 
for the regional movement between communities—betweenness 
centrality—(Newman, 2018). Despite being an abstract description 
of a system, graph-based analysis may reveal emergent properties 
of landscape structure that would not be evident otherwise (Carroll 
et al., 2018).

Freshwater ecosystems are the most endangered natural systems 
in the world (Abell et al., 2008; Dudgeon et al., 2006; IPBES, 2019). 
Species loss, habitat degradation and the lack of water are among 
the most evident consequences of the degradation of these eco-
systems. Because of geo-political reasons, freshwater ecosystem 
management has been mainly focussed on local or country scales 
that do not match the scale of climate change projections (Dallimer 
& Strange, 2015; Szabolcs et al., 2022). However, maintaining land-
scape connectivity is the most frequently mentioned climate change 
adaptation strategy for biodiversity conservation (Game et al., 2011; 
Ward et al.,  2020), and freshwater ecosystems are not an excep-
tion (see Hermoso et al.,  2011). Additionally, ecological connec-
tivity is a high priority for conservation planning and freshwater 

K E Y W O R D S
biodiversity, dispersal, ecological corridors, ecoregions, Europe, source and sink areas, 
stepping-stone areas, waterscape
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management in the post-2020 global biodiversity framework (van 
Rees et al., 2021). Freshwater environments comprise a wide range 
of ecosystems—ponds, streams, lakes, wetlands and rivers—with 
many species that are shared among them (Biggs et al., 2017; Hill 
et al.,  2021). Furthermore, the coupling by individual dispersal of 
these different types of environments was identified as a potential 
determinant of freshwater biogeography (Borthagaray et al., 2023), 
and consequently, should be recognized when freshwater connec-
tivity is considered.

In this study, we propose a broad-scale connectivity map of 
the freshwater habitats of Europe as a step towards developing a 
global management plan for freshwater ecosystems. Specifically, 
we advance on the identification of potentially relevant areas for 
dispersal-mediated mechanisms that enhance freshwater biodiver-
sity through the ecoregions of Europe defined by Abell et al. (2008). 
To this aim, we first estimated the areas of ephemeral, temporal 
and permanent freshwaters for 10 × 10 km cells across Europe (to-
talizing 134,244 cells). Within each of the ecoregions defined by 
Abell et al. (2008), for Europe (N = 37), we represent the landscape 
structure of the three freshwater habitats using a weighted spatial 
graph. Then, three centrality metrics related to mass effects—out-
degree and in-degree centrality—and corridor effects—betweenness 
centrality—were estimated for each cell, considering the spatial dis-
tribution of each freshwater environment independently and com-
bining all freshwater habitats. While many conservation strategies 
focus on identifying isolated areas based on focal species, our study 
identified regions based on their role in promoting freshwater con-
nectivity at a continental extent, a useful input for underpinning 
global and regional conservation planning efforts.

2  |  METHODS

The freshwater habitats considered in this study were mapped by 
the Global Surface Water (Pekel et al., 2016) using Landsat satellite 
images. From the available data, we used the ‘Occurrence’ data set, 
since these maps contain surface water occurrences between 1984 
and 2020 with a monthly periodicity and at a 30-m spatial resolu-
tion (i.e. pixel). The seasonality of surface water was expressed as 

a frequency of water in the study time period. That is, 0 represents 
the total absence of water (i.e. land pixel) and 100 represents a per-
manent water body that maintained its water status during the en-
tire study period. After downloading the corresponding database, 
we proceeded to treat, depurate and calculate water surfaces. We 
used ArcGIS Pro to carry out all the data cartographic management, 
mostly using ArcToolbox > Spatial Analyst Tools (ESRI, 2020). We ex-
tracted and used only the European water bodies. Later, we built a 
reference grid of 10 × 10 km cells across the entire continent to cal-
culate the water surface and express it as a percentage in each cell. 
The coordinates of the centroid of the cells were also retrieved to 
export the obtained data for the analysis. For each cell of the grid, 
we obtained its total area and the water surface for each percentage 
value ranging from 0 to 100. Then, we grouped all the pixels within 
a cell according to three main categories that define three groups of 
water habitats: permanent (water surfaces with seasonality from 90 
to 100), temporary (water surfaces with seasonality ranging from 10 
to 89) and ephemeral (water surfaces with seasonality from 1 to 9). 
Considering the time span of the database, the ephemeral category 
included areas that presented water with a frequency less than once 
a year, the temporal category included areas with water frequencies 
close to once per year on average, and the permanent water cat-
egory included areas that presented water most of the time. These 
thresholds provide a proxy of landscape configuration for three main 
freshwater habitats that although sharing some generalist species, 
represent three markedly different systems in terms of specific di-
versity and functioning (Biggs et al., 2017; Kelly-Quinn et al., 2017; 
Williams et al., 2020). Each of these three categories was mapped 
individually to assess its distribution across the continent.

We followed the ecoregionalization proposed by Abell 
et al. (2008) for the world, to define the study units. Although Abell's 
ecoregions are based on major basins of the world, and biogeo-
graphic patterns of fishes, their defined units comprise one or more 
freshwater environments (not only rivers) and are representative of 
the biogeography of fishes, but also of other aquatic organisms (see 
Abell et al., 2008). Then, the waterscape structure was represented 
by a weighted and directed graph for each freshwater European 
ecoregion (N = 36). The nodes of the graph were the 10 × 10 km cells 
previously estimated. The weights of the links connecting each pair 

F I G U R E  1  Mass effects and corridor 
effects—steppingstone—and their 
relationships with the centrality metrics 
out-degree, in-degree and betweenness. 
Landscape structure is represented by a 
directed and weighted graph. Each node 
in the graph is a local community (i.e. 
water body), and each link represents the 
flow of individuals between communities, 
which is proportional to the area occupied 
and the distance between communities 
(black arrows).
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of cells were estimated as a function of the proportion of potential 
dispersal between communities, following the incidence function of 
Hanski (1999):

where wij is the directed link from cell j to cell i; dij is the geographic 
distance between communities in kilometres; b is a parameter that 
captures the decay in dispersal with distance, b = −log(0.5)/d50 with 
d50 being the Euclidean distance between centroids of neighbouring 
cells at which dispersal decays to half its maximum value. We defined 
d50 as 4 km to represent neighbour cell migration, following Worm and 
Tittensor (2018); Jj is a proxy of community size in a source cell, and 
was defined as a function of the freshwater area occupied in that cell, 
Aj—i.e., Jj =

(

Jmax ∕A
0.5
max

)

× A0.5
j

, where Jmax = 400 and Amax = 100. This 
function accounts for the recognition that the population size increases 
slower than linearly with patch area, perhaps because large patches 
include unsuitable habitat (Hanski et al., 1996; see also Ritchie, 2010). 
Following Hanski et al.  (1996), the exponent of 0.5 was selected for 
simplicity and coherence with empirical observations. Finally, it should 
be noted that the Jmax value affects the normalization constant but 
not the scaling in community density. As a consequence, the selected 
value for Jmax does not has a large effect on the relative centrality esti-
mated for different areas.

Once the weighted graph was defined, three centrality metrics 
were estimated for each cell (node). The metric ‘out-degree’ that re-
flects the potential of a node (local communities) to operate as a 
source community is the sum of link weights along all the links that 
start on the reference cell (Newman, 2018). The metric ‘in-degree’, 
which reflects the importance of incoming dispersal from other 
communities for local diversity, is estimated as the sum of all links 
arriving at the reference cell (Newman,  2018). Additionally, local 
communities' importance for connecting other communities (corri-
dor effects) is captured by the graph centrality metric ‘betweenness’. 
This metric indicates the number of pairs of other communities that 
pass through this community in the shortest path that connects 
them. In-degree, out-degree and betweenness were estimated for 
each of the 134,244 spatial cells of Europe. All the analyses were 
performed for all freshwaters combined and for ephemeral, tempo-
ral and permanent freshwaters independently, considering the dif-
ferent freshwater ecoregions.

Then, we estimated the log-ratio of each centrality metric 
(CentralityLR) between each pair of water habitat (i.e. permanent vs. 
temporary, permanent vs. ephemeral and temporary vs. ephemeral) 
as an index of the relative importance of the potential routes of dis-
persal between different habitats—e.g. BetweennessLR = log10(Be-
tweennesstemporal/Betweennesspermanent) (see Riibak et al., 2017 for 
a log-ratio-based analysis). To this aim, the centrality metrics were 
standardized between 0 and 1 within each freshwater ecoregion to 
make them directly comparable. Large positive or negative log-ratios 
indicate that one specific area could be more important in promoting 
freshwater connectivity for one type of freshwater habitat than for 
other. Log ratios close to zero indicate that both areas are similarly 
important for the connectivity of the two compared habitats. For 

the log-ratio estimations, only cells that had at least two types of 
water habitats were included.

3  |  RESULTS

The three-centrality metrics pointed to a large-scale structure of 
the connectivity patterns of the European waterscape (Figure  2). 
Out-degree centrality identified regions with the potential for acting 
as sources of individuals to other communities (Figure 2 first map). 
These hotspots for mass effects were distributed across all ecore-
gions of Europe. Specifically, Northern and Scandinavian ecoregions 
(i.e. Norwegian Sea Drainages, Northern Baltic Drainages, Barents 
Sea Drainages, Southern Baltic Lowlands, Lake Onega–Lake Ladoga) 
had a big concentration of mass-effect hotspots linked to the overall 
greater abundance of lentic freshwater and their bigger size, which 
acted as an important regional source for these ecoregions. Towards 
southern ecoregions (i.e. Central and Western Europe, Upper 
Danube, Dniester–Lower Danube and Dnieper–South Bug), the role 
of great European rivers as main mass-effect hotspots marked a 
change in regional landscape connectivity, because therein lotic sys-
tems are the main hotspots. Finally, in the southernmost ecoregions 
(e.g. Eastern Iberia, Southern Iberia, Northern Anatolia, Central 
Anatolia) we observed a mixed connectivity pattern with both rivers 
(e.g. Ebro River or Kızılırmak River) and lentic systems (e.g. Lake Tuz 
or Doñana national park area) having important connectivity roles 
in their ecoregions. Complementarily, in-degree centrality detected 
a large extension of sink regions, that is areas that receive incoming 
dispersal from other communities, that could lose a large fraction 
of their diversity in the case of flow interruption (Figure 2 second 
map). Here, the previous patterns were mirrored but with a more dif-
fuse distribution, indicating that sink areas were not as concentrated 
as source areas. For example, main rivers in Central and Western 
Europe were less relevant as sink areas in most of their regions. On 
the other hand, coastal regions in the Adriatic and Mediterranean 
seas (i.e. Dalmatia, Southeast Adriatic Drainages, Ionian Drainages, 
Vardar, Thrace, Italian Peninsula and Islands, Cantabric Coast–
Languedoc) appeared as strong sink areas. Finally, betweenness 
centrality identified priority communities that composed the poten-
tial ecological corridors and were located across all the ecoregions 
(Figure  2 third map). This facet of the European connectivity was 
clearly linked to the main rivers along practically all the ecoregions 
as they constitute the areas where all freshwater paths meet.

When we focussed on each one of the water habitats (i.e. 
permanent, temporary and ephemeral), we saw changes in their 
individual contribution to overall connectivity of ecoregions 
and specially along the latitudinal gradient (Figure  3; Table  S1). 
Permanent water source hotspots were mostly located in north-
ern ecoregions (e.g. Scandinavia and the Lake Onega–Lake Ladoga) 
but also along some coastal or downstream areas (e.g. Rhine 
delta in Central Europe ecoregion or the French Mediterranean 
coast in the Cantabrian Coast–Languedoc). Furthermore, we 
observed similar hotspot patterns, although more diffused and 

(1)wij = Jj ∙ exp
−b∙dij ,
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concentrated in coastal regions (e.g. Norwegian Sea Drainages, 
Aegean Drainages) for sink communities (Figure 3a second map). 
Main ecoregion rivers concentrated most of the relevance for be-
tweenness patterns in permanent systems (Figure 3a third map). 
Contrastingly, temporary waters were ubiquitously relevant along 
the whole European connectivity landscape and their hotspots for 
source, sink and stepping-stone communities were widespread 
(Figure 3b). Interestingly, in all these cases, more headstream or 
higher-altitude regions were highlighted as source, but also as sink 
areas (e.g. Gulf of Venice Drainages, Upper Danube, Central and 
Western European upstream regions; Figure 3b). Finally, ephem-
eral waters were also largely widespread, but their connectiv-
ity hotspots were more concentrated in headstream regions in 
the north (e.g. Dnieper–South Bug, Northern Baltic Drainages; 
Figure 3c) or in specific coastal and headstream areas in southern 
ecoregions (e.g. Southern Iberia, Gulf of Venice Drainages, Thrace, 
Western Anatolia; Figure 3c). In these southern regions, both sink 
and source communities were specially concentrated in deter-
mined areas, indicating a heterogeneous distribution of connec-
tivity hotspots throughout the European waterscape (Figure 3c).

Finally, the log ratios of the centrality metrics identified spatial 
areas with high heterogeneity in their potential role connecting 

different freshwater types, both within and across freshwater 
ecoregions (Figure 4). For example, when comparing ephemeral and 
temporary waters (Figure 4 first column), we observed that for most 
of Europe, temporal waters were greatly contributing to regional 
connectivity, both for sink and source communities (Figure  4a,b). 
However, this pattern was reversed in some ecoregions (e.g. 
Northern British Isles, Northern Baltic Drainages, Southern Baltic 
Lowlands), for which ephemeral waters appeared more relevant than 
temporal ones as sink areas. This pattern was similar when compar-
ing both non-permanent habitats (ephemeral and temporary) against 
permanent habitats (Figure 4 second and third columns). In this case, 
permanent waters generally played a less important role for the re-
gional connectivity all along Europe both for sink and source commu-
nities. However, this role was inverted in southern ecoregions (e.g. 
Iberian Peninsula ecoregions, Gulf of Venice Drainages, Anatolian 
peninsula ecoregions, Dalmatia), where particularly permanent wa-
ters were gaining more relevance in regional connectivity patterns 
as source areas (Figure 4b second column). Stepping-stone commu-
nities, which represent all main ecoregion rivers, showed specially 
contrasting values along river fluvial courses. Permanent habitats 
have more relevance in downstream sections (e.g. Rhine River), while 
ephemeral and temporary habitats have more relevance in upstream 

F I G U R E  2  Spatial distribution of the centrality metrics that represent the importance of mass effects—source (out-degree) or sink 
(in-degree) communities—and corridor effects along all freshwater environments. Colours range from yellow to red to indicate increasing 
values of centrality metrics. Land cells are coloured in dark green, representing areas without records of water on satellite images. The 
limits of freshwater ecoregions (sensu Abell et al., 2008) are delineated in black. The first map corresponds to the out-degree centrality, 
indicating regions with the potential of acting as sources of individuals to other communities. The second map corresponds to in-degree 
centrality, indicating a large extension of sink regions that receive an important flow from other communities. The third map corresponds to 
betweenness centrality, indicating potential corridors among distant communities. Ecoregions and small-scale information will be available in 
Dryad (http://datad​ryad.org) or a similar repository (after acceptance).
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sections (e.g. Tajo River). Overall, this regional heterogeneity high-
lighted that different landscape areas could be important for the 
preservation of different freshwater habitats (e.g. more temporal, or 

more permanent). Despite that, we also observed that several areas 
were similarly important for the connection of different habitats 
(Figure 4 light yellow and light turquoise cells).
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4  |  DISCUSSION

The spatial structure of the landscape is increasingly recognized 
as a main determinant of biodiversity patterns and ecosystem 
functioning (Leibold & Chase,  2018; Préau et al.,  2022; Suzuki & 
Economo, 2021; Wood et al., 2022). The mass effects and corridor 
effects summarize the functional role of dispersal processes on 
biodiversity patterns. However, the ranking of different areas from 
the perspective of their contribution to these processes is a chal-
lenge. The recognition of the potential of graph centrality metrics 
to capture the potential involvement of an area in mass and/or cor-
ridor effects is an important step for improving the understanding 
of metacommunity processes in general and conservation priorities 
in particular (Carroll et al., 2018; Economo & Keitt, 2010; Haddad 
et al., 2014; Keitt et al., 1997). With these approaches, we mapped 
the main features of landscape configuration directly related to 
metacommunity processes, which are well-connected with diversity 
and its resilience, that is mass effects and corridor effects (Brown & 
Kodric-Brown, 1977; Carroll et al., 2018; Haddad et al., 2011, 2014; 
Leibold & Chase,  2018; Shmida & Wilson,  1985). From these per-
spectives, freshwater hotspots were estimated for each ecoregion 
of Europe, showing marked differences along the latitudinal gradi-
ent (Pekel et al., 2016; but also see Szabolcs et al., 2022). First, we 
detected great concentrations of source and sink hotspots areas on 
the northern regions associated likely to lentic systems. Second, 
we showed a key role of main European rivers as ecological corri-
dors but differentiated its importance according to their temporal 
persistence—i.e., permanent, and non-permanent habitats. Third, 
we identified a mixed and heterogeneous distribution of connectiv-
ity hotspots in southern and Mediterranean European ecoregions, 
likely linked to the presence of water specific areas, either lentic or 
lotic. Clearly, these patterns alone are not a sufficient criterion on 
which to base conservation and management decisions. However, 
the maps presented herein provide important clues about dispersal 
processes that have been shown to be difficult to infer from other 
perspectives, for example local studies.

Mass effects were recognized early as a determinant of popu-
lation persistence and local community diversity (Brown & Kodric-
Brown, 1977; MacArthur & Wilson, 1967). Area and isolation were 
also recognized as the main determinants of the strength of mass 
effects on community assembly (MacArthur & Wilson, 1967; Zhao 
et al., 2020). When immigration from neighbouring communities, in 
addition to the mainland, was recognized to be an important process, 

the quantification of isolation became a challenge. The incidence 
function proposed by Hanski (1999) notably captured the combined 
effect of patch areas and relative location in the landscape on species 
dispersal (Hanski, 1999). Here, we used the incidence function for 
the estimation of the links of a spatial network connecting European 
freshwaters. This network allows further relating of nodes—spatial 
cells—with sound metacommunity processes. Interestingly, we found 
that nonpermanent waters could be particularly prominent as hotspot 
areas of mass effects associated with lentic ecosystems in Northern 
Europe (e.g. Northern Baltic Drainages and Northern British Isles) 
or associated with upstream sections of rivers. Especially, temporary 
habitats are a source for permanent habitats in those ecoregions 
emphasizing the key role of smaller and less permanent systems as 
drivers of diversity at regional scales (Bonada et al., 2020; but see 
also Hermoso et al., 2011). The spatial mapping of hotspot areas for 
mass effects on diversity dynamics is a promising contribution that 
can guide management strategies focussed on preserving the spatial 
processes that determine biodiversity patterns and stability.

Furthermore, betweenness centrality directly estimates how 
many other communities have to use a given community to main-
tain a flow of individuals between them, that is the corridor effects 
(Economo & Keitt, 2010). Betweenness then truly reflects the role of 
a patch on dispersal through the landscape (Economo & Keitt, 2010; 
Keitt et al., 1997). Cells with low diversity, low water cover and low 
apparent importance from a local perspective may be crucial for 
connecting other regions with higher diversity. This role becomes 
evident when the spatial network is considered and may be unre-
lated to the local properties of patches. Our approach captured the 
main role of rivers as the dispersal backbones of each ecoregion, in-
dependently of the latitudinal position, but strongly associated with 
the main river courses along the European continent. As could be 
expected, ephemeral and temporary habitats could be more import-
ant in upstream sections, while permanent habitats would be more 
relevant in downstream sections. Such patterns would stress the po-
tential impacts that for example reservoirs have at the regional scale 
and all along the continent (Belletti et al., 2020), which would cut 
or diminish the key dispersal paths that bound regional freshwater 
diversity. The mapping of freshwater hotspot areas for connecting 
other communities, that is corridor effects, quantifies the potential 
relevance of these areas for large-scale dispersal from a perspec-
tive not evident from local analyses. These corridors frequently span 
different countries and demand international coordination for their 
preservation. Corridors and freshwater areas with a disproportion-
ately high role in mass effect dynamics could represent key regions 

F I G U R E  3  Spatial distribution of the centrality metrics that represent the importance of mass effects—source (out-degree) or sink (in-
degree) communities—and corridor effects along ephemeral (panel a), temporal (panel b) and permanent (panel c) freshwater environments. 
Colours range from yellow to red to indicate increasing values of centrality metrics. Land cells are coloured in dark green, representing areas 
without records of water on satellite images. The limits of freshwater ecoregions (sensu Abell et al., 2008) are delineated in black. The first 
map corresponds to the out-degree centrality, indicating regions with the potential of acting as sources of individuals to other communities. 
The second map corresponds to in-degree centrality, indicating a large extension of sink regions that receive an important flow from other 
communities. The third map corresponds to betweenness centrality, indicating potential corridors among distant communities. Ecoregions 
and small-scale information can be retrieved at Ecoregions and small-scale information will be available in Dryad (http://datad​ryad.org) or a 
similar repository (after acceptance).
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in the waterscape that may disproportionately contribute to land-
scape diversity. Thus, such regions could be essential for delimit-
ing a network of freshwater corridors and reserves across Europe 
(Barnett & Belote, 2021).

The spatial structure of the freshwater landscape of ephemeral, 
temporal or permanent environments clearly differs among the dif-
ferent ecoregions of Europe. For those species that can inhabit all 
these environments, the waterscape well reflects the spatial net-
work that impacts their diversity. However, species have preferences 
for specific environments or are even unable to establish viable pop-
ulations in some environments, for example pond or lake specialists. 
Indeed, freshwater diversity is composed of a range of species from 
habitat specialist to generalist that inhabit all environments (Biggs 
et al.,  2017; Kelly-Quinn et al.,  2017; Williams et al.,  2020). Most 
freshwater diversity is likely determined by both the specific envi-
ronment considered—e.g., ephemeral—and its connection with other 
environments—e.g., temporal, and permanent. Spatial hotspots for 
mass effects and corridor effects differed along the network of 
ephemeral, temporal and permanent freshwaters. Preserving dis-
persal processes in freshwaters may require considering different 
hotspots for species with different environmental requirements (see 
Wood et al.,  2022), even when the species pools associated with 
each environment overlap with those of other environments.

The analysis of landscape structure and its effect on disper-
sal processes at a continental scale is sensitive to several factors 
that must be explicitly considered (Barnett & Belote,  2021). First, 
our analyses are based on water cover and its spatial distribution. 
Differences in land cover and human modification of the environ-
ment are not part of the present analyses, but dispersal is known to 
be affected by them (Barnett & Belote, 2021). It should be noted that 
the strength of these effects on dispersal are taxa-dependent, and 
the quantification demands a massive amount of information that is 
not typically available (Krosby et al., 2015). When the focus is the 
conservation of specific taxa, the maps or methods provided herein 
should be combined with existing knowledge about the organisms 
considered. Graphs might consider links that are directed because of 
water flow (e.g. Borthagaray et al., 2020) or preponderant winds (e.g. 
Epele et al., 2021) and the performance of species in each areas be 
determined by environmental suitability (Borthagaray et al., 2023) 
determining taxon-dependent dispersal networks (Borthagaray 
et al., 2015; Cunillera-Montcusí et al., 2021; Keitt et al., 1997; Urban 
& Keitt, 2001). Second, the scaling in local community size with area 
depends on the taxonomic and functional groups considered, as 

well as on the kind of environment analysed (Hanski, 1999; Hanski 
et al.,  1996; Hanski & Ovaskainen,  2000). However, it should be 
noted that the results regarding the relative values of the out-degree 
or betweenness of different cells are robust to the assumptions of 
the scaling exponent. The exception is the unrealistic situation of 
an exponent close to zero—water cover with the same number of 
individuals independent of their areas. We used an exponent of 0.5 
that is congruent with empirical observations (Hanski, 1999; Hanski 
et al.,  1996). Considering that a narrow range of variation may be 
expected for this exponent (Hubbell,  2001), the proposed maps 
are likely robust to this assumption. Third, we considered a contin-
uous dispersal kernel mostly affecting neighbour cells, as this ap-
proach has good performance at large geographical scales (Worm 
& Tittensor,  2018). However, the effect of distance is contingent 
on the functional group and body size of the species considered 
(Borthagaray et al.,  2012, 2015; Cunillera-Montcusí et al.,  2020, 
2021; De Bie et al., 2012). This may affect the spatial scale involved 
in the out-degree and betweenness estimations. However, we found 
that the spatial distribution of dispersal hotspots was robust to 
variations in dispersal potential. While this is true at the European 
scale, at a lower spatial scale, the explicit analysis of a range of dis-
persal abilities may have to be considered (Borthagaray et al., 2015; 
Cunillera-Montcusí et al.,  2021; Keitt et al.,  1997). Finally, in our 
analysis, it was implicitly assumed that biodiversity-inhabiting cells 
with large or small water cover values do not vary in composition. 
This assumption may not be the case, for example, because larger 
and smaller organisms may demand larger areas to persist (Marquet 
& Taper, 1998). If diversity composition follows a nested distribution 
in a range of water covers—composition of poorer areas is subsam-
ple of larger areas—the role of hotspots is reinforced. However, if 
compositional turnover dominates along the gradient of water cover, 
this should be considered when prioritizing areas for conservation. 
Having previous considerations in mind, our objective was to provide 
reference start-up maps for freshwater conservation from a land-
scape structure perspective. Our analyses capture the potential role 
of each area in dispersal processes, but diversity is determined by 
the interaction between dispersal and other processes—speciation-
extinction, selection and drift (Vellend et al., 2017).

The results presented in this study provide general messages 
at the European scale, explicitly mapping the importance of each 
area for sound metacommunity processes and also detecting areas 
in which the management of different waterbodies may require al-
ternative strategies. Management of freshwater biodiversity should 

F I G U R E  4  Spatial distribution of the log-ratio of the out-degree (out-DCLR; panel a), in-degree (in-DCLR; panel b) and betweenness (BCLR; 
panel c) centralities between two types of freshwater as an index of the relative importance of the potential routes of dispersal. Colours 
ranging from yellow to red to indicate increasing positive values of log-ratio, while colours ranging from sky blue to dark blue indicate 
increasing negative values of log-ratio. The black colour corresponds to zero log-ratio values, indicating that both ecosystems could be 
interchangeable in terms of the connectivity pattern. Cells that do not have the two types of freshwater ecosystems to compare or are 
land cells are coloured in white. The limits of freshwater ecoregions (sensu Abell et al., 2008) are delineated in black. In each panel, the 
first map corresponds to the relative importance to connectivity between ephemeral and temporary ecosystems log10(Centralityephemeral/
Centralitytemporary), the second map corresponds to the relative importance between ephemeral and permanent ecosystems 
log10(Centralityephemeral/Centralitypermanent), and the third map corresponds to the relative importance between temporary and permanent 
ecosystems log10(Centralitytemporary/Centralitypermanent).
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combine approaches such as the introduced herein with information 
about other determinants of biodiversity structure and stability. 
Explicitly, we aimed to identify the real contribution of the study and 
the mechanisms herein captured; however, we do not promote the 
use of this method as a black box for guiding management. These 
are start-up maps for guiding freshwater biodiversity conservation 
at the European scale that complement empirical and local studies. 
Areas with the potential to be landscape hotspots may differ among 
freshwater environments, species functional groups and the meta-
community processes that need to be preserved. Consequently, a 
pluralistic conception may be adopted, in which different areas may 
be preserved for different reasons.

ACKNO​WLE​DG E​MENTS
This study was designed and performed in the framework of 
the European Commission, PONDERFUL Horizon 2020 pro-
ject (H2020‐LC‐CLA‐2019‐2). DC‐M was supported by European 
Union‐NextGenerationEU, Ministry of Universities and 
Recovery, Transformation and Resilience Plan, through a call 
from Universitat de Girona. MA and AIB are grateful for the sup-
port provided by CSIC groups (ID 657725), CSIC I+D 2020 and 
FCE_1_2021_1_167009. Financial support was also provided by 
the Ministerio de Ciencia e Innovación (PID2020‐114440GB‐I00/
MCIN/AEI/10.13039/501100011033).

FUNDING INFORMATION
This study was Funded by Horizon 2020 Framework Programme 
(Grant Number 869296).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that the research was conducted in the absence 
of commercial or financial relationships that could be construed as a 
potential conflict of interest.

PEER RE VIE W
The peer review history for this article is available at https://
www.webof​scien​ce.com/api/gatew​ay/wos/peer-revie​w/10.1111/
ddi.13711.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available in the 
Supporting Information of this article. These data were derived from 
the following resources available in the public domain: https://publi​
catio​ns.jrc.ec.europa.eu/repos​itory/​handl​e/JRC10​9054.

ORCID
David Cunillera-Montcusí   https://orcid.
org/0000-0001-8666-346X 
Jordi Bou   https://orcid.org/0000-0001-9454-8023
Thomas Mehner   https://orcid.org/0000-0002-3619-165X 
Sandra Brucet   https://orcid.org/0000-0002-0494-1161 
Matías Arim   https://orcid.org/0000-0002-7648-8909 
Ana I. Borthagaray   https://orcid.org/0000-0002-3403-030X 

R E FE R E N C E S
Abell, R., Thieme, M. L., Revenga, C., Bryer, M., Kottelat, M., Bogutskaya, 

N., Coad, B., Mandrak, N., Balderas, S. C., Bussing, W., Stiassny, M. 
L. J., Skelton, P., Allen, G. R., Unmack, P., Naseka, A., Ng, R., Sindorf, 
N., Robertson, J., Armijo, E., … Petry, P. (2008). Freshwater ecore-
gions of the world: A new map of biogeographic units for freshwa-
ter biodiversity conservation. Bioscience, 58(5), 403–414. https://
doi.org/10.1641/b580507

Álvarez-Romero, J. G., Munguía-Vega, A., Beger, M., del Mar Mancha-
Cisneros, M., Suárez-Castillo, A. N., Gurney, G. G., Pressey, R. L., 
Gerber, L. R., Morzaria-Luna, H. N., Reyes-Bonilla, H., Adams, V. 
M., Kolb, M., Graham, E. M., VanDerWal, J., Castillo-López, A., 
Hinojosa-Arango, G., Petatán-Ramírez, D., Moreno-Baez, M., 
Godínez-Reyes, C. R., & Torre, J. (2018). Designing connected ma-
rine reserves in the face of global warming. Global Change Biology, 
24(2), e671–e691.

Barnett, K., & Belote, R. T. (2021). Modeling an aspirational connected 
network of protected areas across North America. Ecological 
Applications, 31, e02387. https://doi.org/10.1002/eap.2387

Belletti, B., Garcia de Leaniz, C., Jones, J., Bizzi, S., Börger, L., Segura, 
G., Castelletti, A., van de Bund, W., Aarestrup, K., Barry, J., Belka, 
K., Berkhuysen, A., Birnie-Gauvin, K., Bussettini, M., Carolli, M., 
Consuegra, S., Dopico, E., Feierfeil, T., Fernández, S., … Zalewski, 
M. (2020). More than one million barriers fragment Europe's 
rivers. Nature, 588, 436–441. https://doi.org/10.1038/s4158​
6-020-3005-2

Biggs, J., von Fumetti, S., & Kelly-Quinn, M. (2017). The importance 
of small waterbodies for biodiversity and ecosystem services: 
Implications for policy makers. Hydrobiologia, 793(1), 3–39. https://
doi.org/10.1007/s1075​0-016-3007-0

Bonada, N., Cañedo-Argüelles, M., Gallart, F., Von Schiller, D., Fortuño, 
P., Latron, J., Llorens, P., Múrria, C., Soria, M., Vinyoles, D., & Cid, N. 
(2020). Conservation and management of isolated pools in tempo-
rary rivers. Water, 12, 2870. https://doi.org/10.3390/w1210​2870

Borthagaray, A. I., Arim, M., & Marquet, P. A. (2012). Connecting land-
scape structure and patterns in body size distributions. Oikos, 121(5), 
697–710. https://doi.org/10.1111/j.1600-0706.2011.19548.x

Borthagaray, A. I., Barreneche, J. M., Abades, S., & Arim, M. 
(2014). Modularity along organism dispersal gradients chal-
lenges a prevailing view of abrupt transitions in animal land-
scape perception. Ecography, 37(6), 564–571. https://doi.
org/10.1111/j.1600-0587.2013.00366.x

Borthagaray, A. I., Berazategui, M., & Arim, M. (2015). Disentangling the 
effects of local and regional processes on biodiversity patterns 
through taxon-contingent metacommunity network analysis. Oikos, 
124(10), 1383–1390. https://doi.org/10.1111/oik.01317

Borthagaray, A. I., Cunillera-Montcusí, D., Bou, J., Biggs, J., & Arim, M. 
(2023). Pondscape or waterscape? The effect on the diversity of 
dispersal along different freshwater ecosystems. Hydrobiologia. 
https://doi.org/10.1007/s1075​0-022-05123​-0

Borthagaray, A. I., Teixeira-de Mello, F., Tesitore, G., Ortiz, E., Illarze, 
M., Pinelli, V., Urtado, L., Raftopulos, P., González-Bergonzoni, I., 
Abades, S., Loureiro, M., & Arim, M. (2020). Community isolation 
drives lower fish biomass and species richness, but higher func-
tional evenness, in a river metacommunity. Freshwater Biology, 
65(12), 2081–2095. https://doi.org/10.1111/fwb.13603

Brown, J. H., & Kodric-Brown, A. (1977). Turnover rates in insular bioge-
ography: Effect of immigration on extinction. Ecology, 58, 445–449.

Carroll, C., Parks, S. A., Dobrowski, S. Z., & Roberts, D. R. (2018). Climatic, 
topographic, and anthropogenic factors determine connectivity 
between current and future climate analogs in North America. 
Global Change Biology, 24(11), 5318–5331. https://doi.org/10.1111/
gcb.14373

Cazelles, K., Bartley, T., Guzzo, M. M., Brice, M. H., MacDougall, A. S., 
Bennett, J. R., Esch, E. H., Kadoya, T., Kelly, J., Matsuzaki, S., Nilsson, 

 14724642, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.13711 by A

na B
orthagaray - C

ochrane U
ruguay , W

iley O
nline L

ibrary on [02/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ddi.13711
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ddi.13711
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ddi.13711
https://publications.jrc.ec.europa.eu/repository/handle/JRC109054
https://publications.jrc.ec.europa.eu/repository/handle/JRC109054
https://orcid.org/0000-0001-8666-346X
https://orcid.org/0000-0001-8666-346X
https://orcid.org/0000-0001-8666-346X
https://orcid.org/0000-0001-9454-8023
https://orcid.org/0000-0001-9454-8023
https://orcid.org/0000-0002-3619-165X
https://orcid.org/0000-0002-3619-165X
https://orcid.org/0000-0002-0494-1161
https://orcid.org/0000-0002-0494-1161
https://orcid.org/0000-0002-7648-8909
https://orcid.org/0000-0002-7648-8909
https://orcid.org/0000-0002-3403-030X
https://orcid.org/0000-0002-3403-030X
https://doi.org/10.1641/b580507
https://doi.org/10.1641/b580507
https://doi.org/10.1002/eap.2387
https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1007/s10750-016-3007-0
https://doi.org/10.1007/s10750-016-3007-0
https://doi.org/10.3390/w12102870
https://doi.org/10.1111/j.1600-0706.2011.19548.x
https://doi.org/10.1111/j.1600-0587.2013.00366.x
https://doi.org/10.1111/j.1600-0587.2013.00366.x
https://doi.org/10.1111/oik.01317
https://doi.org/10.1007/s10750-022-05123-0
https://doi.org/10.1111/fwb.13603
https://doi.org/10.1111/gcb.14373
https://doi.org/10.1111/gcb.14373


    |  1007CUNILLERA-­MONTCUSÍ et al.

K. A., & McCann, K. S. (2019). Homogenization of freshwater lakes: 
Recent compositional shifts in fish communities are explained by 
gamefish movement and not climate change. Global Change Biology, 
25(12), 4222–4233.

Cunillera-Montcusí, D., Arim, M., Gascón, S., Tornero, I., Sala, J., Boix, D., 
& Borthagaray, A. I. (2020). Addressing trait selection patterns in 
temporary ponds in response to wildfire disturbance and seasonal 
succession. Journal of Animal Ecology, 89(9), 2134–2144. https://doi.
org/10.1111/1365-2656.13265

Cunillera-Montcusí, D., Borthagaray, A. I., Boix, D., Gascón, E., Sala, J., 
Tornero, I., & Arim, M. (2021). Metacommunity network struc-
ture determines nonlinear transition in biodiversity resilience 
to wildfire. Ecography, 44, 1022–1034. https://doi.org/10.1111/
ecog.05347

Dallimer, M., & Strange, N. (2015). Why socio-political borders and 
boundaries matter in conservation. Trends in Ecology & Evolution, 
30(3), 132–139. https://doi.org/10.1016/j.tree.2014.12.004

De Bie, T., De Meester, L., Brendonck, L., Martens, K., Goddeeris, 
B., Ercken, D., Hampel, H., Denys, L., Vanhecke, L., Gucht, K., 
Wichelen, J., Vyverman, W., & Declerc, S. A. J. (2012). Body size and 
dispersal mode as key traits determining metacommunity structure 
of aquatic organisms. Ecology Letters, 15, 740–747. https://doi.
org/10.1111/j.1461-0248.2012.01794.x

Didham, R. K., Basset, Y., Collins, C. M., Leather, S. R., Littlewood, 
N. A., Menz, M. H. M., Müller, J., Packer, L., Saunders, M. E., 
Schönrogge, K., Stewart, A. J. A., Yanoviak, S. P., & Hassall, C. 
(2020). Interpreting insect declines: Seven challenges and a way 
forward. Insect Conservation and Diversity, 13(2), 103–114. https://
doi.org/10.1111/icad.12408

Dinerstein, E., Vynne, C., Sala, E., Joshi, A. R., Fernando, S., Lovejoy, T. E., 
Mayorga, J., Olson, D., Asner, G. P., Baillie, J. E. M., Burgess, N. D., 
Burkart, K., Noss, R. F., Zhang, Y. P., Baccini, A., Birch, T., Hahn, N., 
Joppa, L. N., & Wikramanayake, E. (2019). A global deal for nature: 
Guiding principles, milestones, and targets. Science Advances, 5(4), 
eaaw2869. https://doi.org/10.1126/sciadv.aaw2869

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler, D. 
J., Lévêque, C., Naiman, R. J., Prieur-Richard, A. H., Soto, D., Stiassny, 
M. L., & Sullivan, C. A. (2006). Freshwater biodiversity: Importance, 
threats, status and conservation challenges. Biological Reviews, 81(2), 
163–182. https://doi.org/10.1017/S1464​79310​5006950

Economo, E. P., & Keitt, T. H. (2010). Network isolation and local diversity 
in neutral metacommunities. Oikos, 119, 1355–1363.

Epele, L. B., Dos Santos, D. A., Sarremejane, R., Grech, M. G., Macchi, 
P. A., Manzo, L. M., Miserendino, M. L., Bonada, N., & Cañedo-
Argüelles, M. (2021). Blowin’ in the wind: Wind directionality 
affects wetland invertebrate metacommunities in Patagonia. 
Global Ecology and Biogeography, 30(6), 1191–1203. https://doi.
org/10.1111/geb.13294

ESRI. (2020). ArcGIS Pro. ESRI.
Game, E. T., Lipsett-Moore, G., Saxon, E., Peterson, N., & Sheppard, 

S. (2011). Incorporating climate change adaptation into na-
tional conservation assessments. Global Change Biology, 17(10), 
3150–3160.

Haddad, N. M., Brudvig, L., Damschen, E., Evans, D., Johnson, B., Levey, 
D., Orrock, J. L., Resasco, J., Sullivan, L. L., Tewksbury, J. J., Wagner, 
S. A., & Weldon, A. (2014). Potential negative ecological effects 
of corridors. Conservation Biology, 28, 1178–1187. https://doi.
org/10.1111/cobi.12323

Haddad, N. M., Holt, R. D., Fletcher, R. J. J., Loreau, M., & Clobert, J. 
(2017). Connecting models, data, and concepts to understand frag-
mentation's ecosystem-wide effects. Ecography, 40(1), 1–8. https://
doi.org/10.1111/ecog.02974

Haddad, N. M., Hudgens, B., Damschen, E. I., Levey, D. J., Orrock, J. L., 
Tewksbury, J. J., & Weldon, A. J. (2011). Assessing positive and 
negative ecological effects of corridors. In A. T. Morzillo, J. Liu, 
J. A. Wiens, & V. Hull (Eds.), Sources, Sinks and Sustainability (pp. 

475–504). Cambridge University Press. https://doi.org/10.1017/
CBO97​80511​842399.024

Hanski, I. (1999). Metapopulation ecology. Oxford University Press.
Hanski, I., Moilanen, A., Pakkala, T., & Kuussaari, M. (1996). The quan-

titative incidence function model and persistence of an endan-
gered butterfly metapopulation. Conservation Biology, 10, 578–590. 
https://doi.org/10.1046/j.1523-1739.1996.10020​578.x

Hanski, I., & Ovaskainen, O. (2000). The metapopulation capacity of a 
fragmented landscape. Nature, 404(6779), 755–758. https://doi.
org/10.1038/35008063

Hermoso, V., Linke, S., Prenda, J., & Possingham, H. P. (2011). Addressing 
longitudinal connectivity in the systematic conservation plan-
ning of fresh waters. Freshwater Biology, 56(1), 57–70. https://doi.
org/10.1111/j.1365-2427.2009.02390.x

Hill, M., Greaves, H., Sayer, C., Hassall, C., Milin, M., Milner, V., Marazzi, 
L., Hall, R., Harper, L. R., Thornhill, I., Walton, R., Biggs, J., Ewald, N., 
Law, A., Willby, N., White, J. C., Briers, R. A., Mathers, K. L., Jeffries, 
M. J., & Wood, P. (2021). Pond ecology and conservation: Research 
priorities and knowledge gaps. Ecosphere, 12, e03853. https://doi.
org/10.1002/ecs2.3853

Hubbell, S. P. (2001). A unified theory of biodiversity and biogeography. 
Princeton University Press.

IPBES. (2019). Global assessment report on biodiversity and ecosys-
tem services of the Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services. Zenodo. https://doi.
org/10.5281/zenodo.5517154

Keitt, T. H., Urban, D. L., & Milne, B. T. (1997). Detecting critical scales in 
fragmented landscapes. Conservation Ecology, 1(1), 4.

Kelly-Quinn, M., Biggs, J., & von Fumetti, S. (2017). Preface: The impor-
tance of small water bodies. Hydrobiologia, 793(1), 1–2. https://doi.
org/10.1007/s1075​0-016-3077-z

Krosby, M., Breckheimer, I., John Pierce, D., Singleton, P. H., Hall, S. A., 
Halupka, K. C., Gaines, W. L., Long, R. A., McRae, B. H., Cosentino, 
B. L., & Schuett-Hames, J. P. (2015). Focal species and landscape 
‘naturalness’ corridor models offer complementary approaches 
for connectivity conservation planning. Landscape Ecology, 30(10), 
2121–2132. https://doi.org/10.1007/s1098​0-015-0235-z

Leibold, M. A., & Chase, J. M. (2018). Metacommunity ecology. Princeton 
University Press.

Li, D., Clements, C. F., Shan, I. L. G., & Memmott, J. (2021). Corridor qual-
ity affects net movement, size of dispersers, and population growth 
in experimental microcosms. Oecologia, 195(2), 547–556. https://
doi.org/10.1007/s0044​2-020-04834​-2

MacArthur, R. H., & Wilson, E. O. (1967). The theory of Island biogeogra-
phy. Princeton University Press.

Marquet, P. A., & Taper, M. L. (1998). On size and area: Patterns of mam-
malian body size extremes across landmasses. Evolutionary Ecology, 
12, 127–139.

Marrec, R., Abdel Moniem, H. E., Iravani, M., Hricko, B., Kariyeva, J., 
& Wagner, H. H. (2020). Conceptual framework and uncertainty 
analysis for large-scale, species-agnostic modelling of landscape 
connectivity across Alberta, Canada. Scientific Reports, 10(1), 6798. 
https://doi.org/10.1038/s4159​8-020-63545​-z

Newman, C. M. (2018). Networks an introduction (2nd ed.). Oxford 
University Press.

Pekel, J.-F., Cottam, A., Gorelick, N., & Belward, A. S. (2016). High-resolution 
mapping of global surface water and its long-term changes. Nature, 
540(7633), 418–422. https://doi.org/10.1038/natur​e20584

Préau, C., Dubos, N., Lenormand, M., Denelle, P., Le Louarn, M., Alleaume, 
S., & Luque, S. (2022). Dispersal-based species pools as sources of 
connectivity area mismatches. Landscape Ecology, 37, 729–743. 
https://doi.org/10.1007/s1098​0-021-01371​-y

Riibak, K., Ronk, A., Kattge, J., & Pärtel, M. (2017). Dispersal limitation de-
termines large-scale dark diversity in central and northern Europe. 
Journal of Biogeography, 44, 1770–1780. https://doi.org/10.1111/
jbi.13000

 14724642, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.13711 by A

na B
orthagaray - C

ochrane U
ruguay , W

iley O
nline L

ibrary on [02/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1365-2656.13265
https://doi.org/10.1111/1365-2656.13265
https://doi.org/10.1111/ecog.05347
https://doi.org/10.1111/ecog.05347
https://doi.org/10.1016/j.tree.2014.12.004
https://doi.org/10.1111/j.1461-0248.2012.01794.x
https://doi.org/10.1111/j.1461-0248.2012.01794.x
https://doi.org/10.1111/icad.12408
https://doi.org/10.1111/icad.12408
https://doi.org/10.1126/sciadv.aaw2869
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1111/geb.13294
https://doi.org/10.1111/geb.13294
https://doi.org/10.1111/cobi.12323
https://doi.org/10.1111/cobi.12323
https://doi.org/10.1111/ecog.02974
https://doi.org/10.1111/ecog.02974
https://doi.org/10.1017/CBO9780511842399.024
https://doi.org/10.1017/CBO9780511842399.024
https://doi.org/10.1046/j.1523-1739.1996.10020578.x
https://doi.org/10.1038/35008063
https://doi.org/10.1038/35008063
https://doi.org/10.1111/j.1365-2427.2009.02390.x
https://doi.org/10.1111/j.1365-2427.2009.02390.x
https://doi.org/10.1002/ecs2.3853
https://doi.org/10.1002/ecs2.3853
https://doi.org/10.5281/zenodo.5517154
https://doi.org/10.5281/zenodo.5517154
https://doi.org/10.1007/s10750-016-3077-z
https://doi.org/10.1007/s10750-016-3077-z
https://doi.org/10.1007/s10980-015-0235-z
https://doi.org/10.1007/s00442-020-04834-2
https://doi.org/10.1007/s00442-020-04834-2
https://doi.org/10.1038/s41598-020-63545-z
https://doi.org/10.1038/nature20584
https://doi.org/10.1007/s10980-021-01371-y
https://doi.org/10.1111/jbi.13000
https://doi.org/10.1111/jbi.13000


1008  |    CUNILLERA-­MONTCUSÍ et al.

Ripple, W. J., Wolf, C., Newsome, T. M., Barnard, P., & Moomaw, W. 
R. (2019). World Scientists' warning of a climate emergency. 
Bioscience, 70(1), 8–12. https://doi.org/10.1093/biosc​i/biz088

Ritchie, M. E. (2010). Scale, heteogeneity, and the structure and diveristy of 
ecological communities (Vol. 45). Princeton University Press.

Saura, S., Bertzky, B., Bastin, L., Battistella, L., Mandrici, A., & Dubois, G. 
(2018). Protected area connectivity: Shortfalls in global targets and 
country-level priorities. Biological Conservation, 219, 53–67. https://
doi.org/10.1016/j.biocon.2017.12.020

Saura, S., Bodin, Ö., & Fortin, M.-J. (2014). Editor's choice: Stepping 
stones are crucial for species' long-distance dispersal and range ex-
pansion through habitat networks. Journal of Applied Ecology, 51(1), 
171–182. https://doi.org/10.1111/1365-2664.12179

Shmida, A., & Wilson, M. V. (1985). Biological determinants of species 
diversity. Journal of Biogeography, 12, 1–20.

Soininen, J. (2016). Spatial structure in ecological communities – A quan-
titative analysis. Oikos, 125, 160–166. https://doi.org/10.1111/
oik.02241

Suzuki, Y., & Economo, E. P. (2021). From species sorting to mass effects: 
Spatial network structure mediates the shift between metacommu-
nity archetypes. Ecography, 44, 715–726. https://doi.org/10.1111/
ecog.05453

Szabolcs, M., Kapusi, F., Carrizo, S., Markovic, D., Freyhof, J., Cid, N., 
Cardoso, A. C., Scholz, M., Kasperidus, H. D., Darwall, W. R. T., 
& Lengyel, S. (2022). Spatial priorities for freshwater biodiversity 
conservation in light of catchment protection and connectivity in 
Europe. PLoS One, 17(5), e0267801. https://doi.org/10.1371/journ​
al.pone.0267801

Urban, D., & Keitt, T. H. (2001). Landscape connectivity: A graph-
theoretic perspective. Ecology, 82(5), 1205–1218.

van Rees, C. B., Waylen, K. A., Schmidt-Kloiber, A., Thackeray, S. J., 
Kalinkat, G., Martens, K., Domisch, S., Lillebø, A. I., Hermoso, V., 
Grossart, H.-P., Schinegger, R., Decleer, K., Adriaens, T., Denys, L., 
Jarić, I., Janse, J. H., Monaghan, M. T., De Wever, A., Geijzendorffer, 
I., … Jähnig, S. C. (2021). Safeguarding freshwater life beyond 2020: 
Recommendations for the new global biodiversity framework from 
the European experience. Conservation Letters, 14(1), e12771. 
https://doi.org/10.1111/conl.12771

Vellend, M., Dornelas, M., Baeten, L., Beauséjour, R., Brown, C. D., De 
Frenne, P., Elmendorf, S. C., Gotelli, N. J., Moyes, F., Myers-Smith, 
I. H., Magurran, A. E., McGill, B. J., Shimadzu, H., & Caya Sievers, C. 
(2017). Estimates of local biodiversity change over time stand up to 
scrutiny. Ecology, 98(2), 583–590.

Ward, M., Saura, S., Williams, B., Ramírez-Delgado, J. P., Arafeh-Dalmau, 
N., Allan, J. R., Venter, O., Dubois, G., & Watson, J. E. M. (2020). 
Just ten percent of the global terrestrial protected area network 
is structurally connected via intact land. Nature Communications, 
11(1), 4563. https://doi.org/10.1038/s4146​7-020-18457​-x

Williams, P., Biggs, J., Stoate, C., Szczur, J., Brown, C., & Bonney, S. (2020). 
Nature based measures increase freshwater biodiversity in agricul-
tural catchments. bioRxiv, 672915. https://doi.org/10.1101/672915

Wood, S. L. R., Martins, K. T., Dumais-Lalonde, V., Tanguy, O., Maure, 
F., St-Denis, A., Rayfield, B., Martin, A. E., & Gonzalez, A. (2022). 
Missing interactions: The current state of multispecies connec-
tivity analysis. Frontiers in Ecology and Evolution, 10. https://doi.
org/10.3389/fevo.2022.830822

Worm, B., & Tittensor, D. P. (2018). A theory of global biodiversity (MPB-
60). Princeton University Press.

Zhao, Y., Dunn, R., Zhou, H., Si, X., & Ding, P. (2020). Island area, not 
isolation, drives taxonomic, phylogenetic and functional diversity 
of ants on land-bridge islands. Journal of Biogeography, 47, 1–11. 
https://doi.org/10.1111/jbi.13860

BIOSKE TCH
The co-authors are part of the PONDERFUL Horizon 2020 pro-
ject. Our aim is to advance the interaction between landscape 
structure, metacommunity processes, and the structure and 
function of biodiversity. We attempt to contribute to a mechanis-
tic understanding of biodiversity that supports its management 
and human well-being.

Author contributions: DC-M, MA and AIB conceived the ideas 
and designed the methodology; all authors significantly contrib-
uted to the study set-up; DC-M and JB collected the data; AIB 
analysed the data; AIB MA and DC-M lead the writing of the 
manuscript. All authors contributed to the drafts and give final 
approval for the publication.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Cunillera-Montcusí, D., Bou, J., 
Mehner, T., Brucet, S., Arim, M., & Borthagaray, A. I. (2023). 
The European freshwater landscape and hotspot areas of mass 
effects and regional connectivity. Diversity and Distributions, 
29, 997–1008. https://doi.org/10.1111/ddi.13711

 14724642, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.13711 by A

na B
orthagaray - C

ochrane U
ruguay , W

iley O
nline L

ibrary on [02/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/biosci/biz088
https://doi.org/10.1016/j.biocon.2017.12.020
https://doi.org/10.1016/j.biocon.2017.12.020
https://doi.org/10.1111/1365-2664.12179
https://doi.org/10.1111/oik.02241
https://doi.org/10.1111/oik.02241
https://doi.org/10.1111/ecog.05453
https://doi.org/10.1111/ecog.05453
https://doi.org/10.1371/journal.pone.0267801
https://doi.org/10.1371/journal.pone.0267801
https://doi.org/10.1111/conl.12771
https://doi.org/10.1038/s41467-020-18457-x
https://doi.org/10.1101/672915
https://doi.org/10.3389/fevo.2022.830822
https://doi.org/10.3389/fevo.2022.830822
https://doi.org/10.1111/jbi.13860
https://doi.org/10.1111/ddi.13711

	The European freshwater landscape and hotspot areas of mass effects and regional connectivity
	Abstract
	1|INTRODUCTION
	2|METHODS
	3|RESULTS
	4|DISCUSSION
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


