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Fragmentation affects river ecosystems worldwide by dampening the movement and dispersal of aquatic or-
ganisms and material (such as sediment, water, nutrients) across the river network. In this paper, we develop
river connectivity indices to explain biodiversity patterns, prioritize reaches that need habitat restoration and
barriers that need improvement. We provide a general framework for calculating connectivity indices by dis-
entangling the contribution of the river network’s physical setup (structural connectivity) from the process-
driven and biota-related contribution (functional connectivity). To facilitate the calculations, the R package
‘riverconn’ is introduced. A prioritization of habitats and barriers is carried out for the Ebro river (North-West
Iberian Peninsula) using indices setups accounting for different classes of organisms and dispersal traits.
Resulting prioritizations are very diverse. ‘Riverconn’ can support scientists and managers working on riverscape
planning and population and community ecology by providing a means to compute and compare a wide array of

fragmentation indices.

1. Introduction

Free-flowing rivers host significant biodiversity (He et al., 2021),
provide a wide array of ecosystem services such as water provisioning,
nutrient and sediment transport, and support to fisheries harvests (Bock
et al., 2018; Grill et al.,, 2019). Longitudinal river fragmentation is
recognized as one of the major threats to freshwater systems worldwide
(Dudgeon et al., 2006; Fullerton et al., 2010). The causes of longitudinal
fragmentation are multiple, including the construction of barriers (Bel-
letti et al., 2020; Duarte et al., 2021), point source pollution (Araujo
et al., 2018), stream and riparian habitat modification (Baldan et al.,
2021; Fuller et al., 2015), and water withdrawals (Baumgartner et al.,
2022). Longitudinally fragmented rivers are composed of successions of
isolated sections, where the free movement of water, sediments, organic
matter, nutrients, energy and organisms is impeded (Jumani et al.,
2020). Biotic impacts of fragmentation include the decline of migratory
fish populations (Birnie-Gauvin et al., 2017), genetic drifting of isolated

populations (Inoue and Berg, 2017), and increased local extinction risks
(Fagan, 2002). Thus, when habitat restoration measures are imple-
mented without adequate consideration to river network connectivity,
they might fail because of the inaccessibility of the recreated habitat
(Brederveld et al., 2011). River networks are particularly sensitive to
connectivity losses: even local disconnections can lead to large-scale
impacts due to the hierarchic and dendritic nature of such systems
(Campbell Grant et al., 2007; Duarte et al., 2019). River network to-
pologies display few possible connections for water-mediated dispersal
of organisms (Altermatt, 2013; Canedo-Argiielles et al., 2015; Tonkin
et al., 2018) and increased distances between points along the network
that are geographically close (Ver Hoef and Erin, 2010). Assessing the
connectivity of river networks and its changes with increasing frag-
mentation has become a key task for scientists and practitioners.
Recent works have developed a wide array of indices to quantify
longitudinal fragmentation with different complexities (Jumani et al.,
2020), including the explicit modeling of the network structure of the
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landscape (Saura and Pascual-Hortal, 2007). Even simple indices can
describe the structural connectivity, i.e. the set of all possible pathways
linking different reaches in the landscape (Cote et al., 2009; Grill et al.,
2015; Voutsa et al., 2021), at multiple scales (Duarte et al., 2021). This
concept was expanded with the inclusion of functional connectivity, i.e.
the component of connectivity that can be explained by biotic factors,
such as organisms dispersal traits and mobility (Branco et al., 2014;
Rodeles et al., 2019, 2021). Both structural and functional connectivity
indices have been used to explain biodiversity patterns in highly
modified catchments (Perkin and Gido, 2012), prioritize habitat patches
that need improvement (Saura et al., 2014; Saura and Pascual-Hortal,
2007), and/or explain declines in fish populations (Barbarossa et al.,
2020; van Puijenbroek et al., 2019). Some indices were developed to
account explicitly for the directional nature of river systems for studies
with anadromous fish (Rodeles et al., 2019). Asymmetric indices, that
account for the river network directionality, can be used also for classes
of organism with asymmetric dispersal patterns such as macro-
invertebrates (e.g., active aerial such as Coleoptera or Trichoptera in the
adult phase, or passive drifters such as Gasteropoda or Bivalva; Tachet
et al., 2000). Empirical evidence of the impacts of fragmentation on
macroinvertebrates exists (Canedo-Argiielles et al., 2020; Monaghan
et al., 2005; Wang et al., 2019), but the use of connectivity indices for
this class of organism is still overlooked. Moreover, despite the large
number of existing indices, a unifying framework to examine and
quantify river connectivity is still missing. Such a framework would
support scientists and managers to perform an informed selection of the
most suitable index for a specific task, and to examine critically the
implicit assumptions behind each index formulation (also based on the
decision trees presented in Jumani et al., 2020).

To mitigate river fragmentation, the permeability (hence after:
passability) of barriers can be improved to allow for the passage of at
least some groups of organisms (King et al., 2017). This can be accom-
plished via structural modifications to the barrier (e.g. with the con-
struction of fishpasses to facilitate upstream movement and migration),
the removal of obsolete obstructions (Birnie-Gauvin et al., 2020), and
the improvement of the streambed or the riparian habitat. Existing
studies have used different fragmentation indices to support such ac-
tions via the identification of barriers with the highest reconnection
potential (Buddendorf et al., 2019), the identification of optimal
removal sequences (Branco et al., 2014), including in the analysis also
economic constrains (King et al., 2017). However, tools and frameworks
that include structural and functional information in barriers prioriti-
zation are still missing.

Given the gaps identified above, we propose an integrative frame-
work that aims at i) generalizing existing connectivity indices, ii)
providing a straightforward parametrization of several structural and
functional connectivity indices, iii) implementing algorithms for prior-
itization of barriers for passability improvement. To this end, we present
‘riverconn’, an R package that allows for a flexible implementation of
several graph-based connectivity indices and implements algorithms to
prioritize reaches and barriers with the aim of improving catchment-
scale connectivity. As a proof of applicability, we calculate and
compare several ‘riverconn’ indices to the Ebro catchment (NE Spain).

2. Methods

2.1. Conceptual background: algorithms to estimate river network
connectivity

2.1.1. River network as a graph

Following Ers et al. (2012), we conceptualize the river network as a
graph G(E,V), i.e. a collection of edges E and vertices V (Csardi and
Nepusz, 2006). In the example provided in this paper, edges (or links)
represent either barriers or confluences between reaches, while vertices
(or nodes) represent reaches, i.e. river sections having relatively uniform
conditions. Reaches are river sections located either between two
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confluences, or between two sequential barriers. In this conceptualiza-
tion, the resulting network is a directed loop-less graph whose root is the
catchment outlet (Jumani et al., 2020). An alternative characterization
where confluences are vertices and reaches are edges is also possible
(Borthagaray et al., 2020), but might be of limited utility when multiple
habitat patches within the same reach are considered. In fact, river
networks can also be defined on a finer scale, for instance on channels
units like riffle/pool sections or species-specific habitat patches, where
vertices may represent habitat patches and links are elements repre-
senting the potential of dispersal between two habitat patches (Eros
et al., 2012).

2.1.2. Generalized connectivity index

A generalized connectivity index for river networks can be defined
based on Pascual-Hortal and Saura (2006). For every pair of reaches i
and j in the catchment, the dispersal probability I; (see eq. (2.3)) is
defined as the probability that an organism originally located in reach i
can disperse to reach j. Under the assumption of steady state behavior of
the system, the dependence from time can be dropped. Hence, the
dispersal probability is only a function of the path (subgraph) connect-
ing nodes i and j. Based on the Probability of Connectivity (Saura and
Pascual-Hortal, 2007), we propose a catchment-level index of connec-
tivity, the Catchment Connectivity Index (CCI) defined as the weighted
sum of the dispersal probability:

ccr= Z ZI,V;VV? 2.1)
=1 j=1

where w; and w; are the weights of reaches i and j, respectively, and W
the sum of the weights over the n reaches. A reach-level index of con-
nectivity, the Reach Connectivity Index (RCI) can be defined for reach i
in the catchment by dropping the first summation in equation (2.1):

RCL=Y 1,2 2.2)
=

Reaches weights can represent either abiotic properties, such as
length, area, and volume, or biotic suitability scores dependent on a
target organism, such as the weighted useable length or area (i.e. the
length/area of the reach weighted with habitat quality or any other
variable of interest; Yi et al., 2017). When directionality is included, CCI
and RCI can be further decomposed by considering separately connec-
tions entering or exiting each reach.

Following Rodeles et al. (2021), we factorize the dispersal proba-
bility (I) into a component describing the structural connectivity (the
presence and arrangement of barriers) and a component describing
functional connectivity (species dispersal).

lj=c; B; (2.3)

where ¢; depends exclusively on spatial configuration and number of
barriers and B; depends on the spatial configuration of reaches and the
dispersal capacity of the species. Both CCI and RCI range between 0 and
1. Catchments with higher CCI values have higher levels of longitudinal
connectivity, meaning habitats are reachable more easily (Cote et al.,
2009). Reaches with higher RCI are more reachable from other reaches
in the catchment. CCI or RCI indices approaching O indicate a more
fragmented riverscape.

2.1.3. Barriers fragmentation

Each barrier can be characterized with two passability parameters.
The upstream and downstream passability (p* and p?, respectively)
represent the probability that an organism crosses the barrier from
downstream to upstream or from upstream to downstream. If the
directionality of the system is ignored, the equivalent passability for the
barrier m can be defined (Cote et al., 2009):
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Py =P, P, 2.4)
Alternatively, if the directionality of the system is considered, the
equivalent passability of the barrier m can be defined as:

eq
m

(2.5)

p,y, if m is crossed while moving upstream in the i — j path
N pi if m is crossed while moving downstream in the i — j path

Based on the barriers equivalent passability, the Barrier Fragmen-
tation Index (BFI) can be defined as the weighted sum of the passabilities
of all the r barriers in the catchment (Jumani et al., 2022):

- Wi

BFI=" (1-p) W (2.6)

m=1

where wy, are the barriers weights. BFI ranges from 0 to 1, with higher
values indicating higher fragmentation.

The combined passability of all the barriers in the subgraph con-
necting reaches i and j results from the aggregation of the equivalent
passabilities of all the k barriers located in the path (Cote et al., 2009):

k
ei= TIp @7)
m=1

2.1.4. Dispersal fragmentation

The contribution of species dispersal to the dispersal probability is a
function of the distance between each pair of reaches. The effect of the
directionality is accounted by calculating separately the dispersal for the
fraction of the path between reaches i and j that proceeds upstream and
downstream (di“j and dg. are the total distances travelled upstream and

downstream, respectively). The dependence of B; fom the distance can
be expressed through a dispersal kernel (egs. (2.8) and (2.10); Rodeles
et al., 2021), or through a threshold on the distance (egs. (2.9) and
(2.11) Borthagaray et al., 2015). Asymmetric dispersal can be also
accounted for (egs. (2.10) and (2.11)):

B;=PD% (2.8)
[ 1whend; <TR
By = {0 otherwise 2.9
" ad
B;=PD, PD;/ (2.10)
u d
- 1 when di/' < TR, and di/. < TR, 2.11)
0 otherwise

where PD, PD, and PD, are the dispersal kernel parameters dependent
on the mobility of the organism (closer to 1 for highly mobile organ-
isms), and TR, TR, and TR, are the dispersal thresholds. A value of
PD, = 0 or TR, = 0 corresponds to organisms that are passive drifters
and cannot move upstream (e.g., Gasteropoda or Bivalva).

The distance d; can be both a geometric distance or a landscape-
friction weighted distance. In the latter case, the inverse of the reach-
scale habitat suitability score can be used as a multiplicative factor to
simulate higher friction of the landscape (Inoue and Berg, 2017). Then
the effective distance would coincide with the geometric distance only
when the whole habitat of the reach is suitable (being bigger otherwise).

2.1.5. Barriers prioritization

Both CCI and RCI can be used to prioritize barriers based on the
relative contribution to landscape fragmentation. A ‘leave one out’
approach is commonly used (Saura and Pascual-Hortal, 2007):

CCI start, m CCI.\mrr

100 2.12
CCISH"T ( )

dCCI, =

where CCl,;, is the value of the index calculated with the current setup,
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and CClygr, m is the value of the index calculated after removing the
barrier m. An analogous index can be defined for RCI and BFI. Values of
dCCI,,, dRCI,,, and dBFI,, range between 0 (when the barrier m has no
effect over fragmentation), and infinite (when the landscape is fully
fragmented, CCI = 0, and all the landscape fragmentation can be
attributed to m). Rankings for dCCI,, and dRCI,, can be used to select
barriers based on the contribution to landscape fragmentation. The same
approach can be used also to calculate the connectivity gain when a
certain sequence of barriers is removed (in a ‘leave many out’ approach).

2.1.6. Comparison and integration with existing indices and software

The CCI can be easily parametrized to cover a wide array of already
existing indices (Table 1). If the reach length is used as weights, no
dispersal limitation is considered, and symmetric organisms movement,
the Dendritic Connectivity Index is obtained (Cote et al., 2009). Using
the reach area instead of the length yields the Probability of Connec-
tivity index (Saura and Pascual-Hortal, 2007). Under the same settings,
including the dispersal limitation term yields the Population Connec-
tivity Index (Rodeles et al., 2021). Using the river/impoundment vol-
ume yields the River Fragmentation Index (Grill et al., 2015). Using
binary dispersal probabilities (e.g. setting a distance threshold on
dispersal and a binary barrier passability) yields the Integral Index of
Connectivity (Saura and Pascual-Hortal, 2007). Using the stream order
as nodes weights yields the Stream Continuity Index (Shao et al., 2020).
Calculating RCI based on the catchment outlet yields the Breeding
Habitat Connectivity Index for anadromous fish (Rodeles et al., 2019).
Using the weighted suitable length as reach weight, imposing no
constrain to biotic movement, and setting barriers passabilities to zero
yields the Residual Core Length (Fuller et al., 2015). Recently proposed
indices, such as the Catchment Area Fragmentation Index and the
Catchment Area and Rainfall Fragmentation Index can be also calcu-
lated based on the BFI, specifying the upstream catchment area or
annual rainfall as barrier weight (Jumani et al., 2022). Using upstream
cumulative statistics as node weights can be facilitated by a wide array
of software packages (e.g. the River Network Toolkit, Duarte et al.,
2019). The graph-structure allows for the calculation of centrality
metrics such as the betweeness centrality (Bodin and Saura, 2010) via
routines implemented in the ‘igraph’ R package.

Other software packages provide graph-based calculations of con-
nectivity index. For instance, CONEFOR (Bodin and Saura, 2010; Pas-
cual-Hortal and Saura, 2006) implements several connectivity indices
and habitat patches prioritization in directional landscapes but requires
the explicit definition of the dispersal probabilities for cases different
than simple dispersal kernels, while ‘riverconn’ allows for the automatic
calculation of the dispersal probability. The software FIPEX (Oldford,
2020) allows for the calculation of the dendritic connectivity index, but
it does not provide the possibility of defining the functional component
of the dispersal probability, while ‘riverconn’ does.

2.2. ‘Riverconn’ package features

The ‘riverconn’ package relies on the functionalities of the ‘igraph’
package (Csardi and Nepusz, 2006). All ‘riverconn’ functions are
designed to accept as input an ‘igraph’ object, which can be easily
created in R either from a list of vertices and edges, from an adjacency
matrix (Kolaczyk and Csardi, 2014), or directly from a shapefile through
the package ‘shp2graph’ (Lu et al., 2018). The ‘riverconn’ documenta-
tion shows a general workflow to generate an igraph object based on
commonly available geospatial datasets. The function ‘set_graph_dir-
ectionality’ assigns the directionality to the graph based on the outlet
position.

The main function of the package is ‘index_calculation’ (Table 2),
that calculates RCI, CCI, or BFI (equations (2.1), (2.2) and (2.6)) based
on the input graph and its attributes under a variety of settings decided
by the user. For instance, the functional and the structural connectivity
terms can be selected or dropped from the calculations, the way
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Table 1

Examples of connectivity indices that can be calculated with ‘riverconn’. Index type refers to the typologies introduced in this paper. CCI: Catchment Fragmentation

Index, RFI: Reach Fragmentation Index, BFI: Barrier Fragmentation Index.
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Index name Reference Index Weight Cjj By
type
Dendritic Connectivity Index (DCI) Cote et al. (2009) CCI Reach length Symmetric No
passabilities
Population Connectivity Index (PCI) Rodeles et al. (2021) CCIL Reach length Symmetric Exponential symmetric
passabilities dispersal kernel
Probability of Connectivity (PC) Pascual-Hortal and Saura CCI Reach/Habitat Area No Exponential symmetric
(2006) dispersal kernel
Integral Index of Connectivity (IIC) Pascual-Hortal and Saura CCI Reach/Habitat area No Binary symmetric dispersal
(2006) probabilities
Volume-based River Connectivity Index Grill et al. (2014) CCI Reach volume Symmetric No
(RClyor) passabilities
River Class Connectivity Index (RClcrass) Grill et al. (2014) CCI Reach volume, unique reach Symmetric No
classes passabilities
River Migration Connectivity Index Grill et al. (2014) CCIL Potential number of migratory Symmetric No
(RCIrANGE) fish species passabilities
Stream Continuity Index (SCI) Shao et al. (2020) CCI Stream order, reach length Symmetric No
passabilities
Dendritic Connectivity Index for Cote et al. (2009) RFI Reach length Symmetric No
diadromous fish (DCId) passabilities
Breeding Area Connectivity Index (BACI) Rodeles et al. (2019) CCI Habitat area Binary passabilities No
Residual Core Length (RCL) Fuller et al. (2015) CCIL Reach length Binary passabilities =~ No
Catchment Area Fragmentation Index Jumani et al. (2022) BFI Barrier upstream area Symmetric No
(CAFI) passabilities
Catchment Area Rainfall Fragmentation Jumani et al. (2022) BFI Barrier upstream precipitation Symmetric No
Index (CARFI) passabilities

directionality is dealt with can be specified, the dispersal functions and
related parametrizations can be defined. Functions that allow to sepa-
rately calculate c; and By are also exported from the package for diag-
nostic purposes (‘c_ij_fun’ for equation (2.6) and ‘B_ij_fun’ for equations
2.7 and 2.8-11). Network-based calculations (e.g. the identification of
the shortest path between each pair of reaches) are performed using the
highly efficient routines from the package ‘dodgr’ (Padgham, 2019).
Even though the ‘index_calculation’ function was designed with the
directed, loop-less graph in mind, different structures such as lattice-like
networks can also be used.

The function ‘d_index_calculation’ calculates the improvement in the
connectvitiy index when selected barriers are removed (equation (2.9)).
The function ‘t_index_calculation’ calculates the index change when the
graph attributes are sequentially modified (e.g. to simulate some time
dynamics). The functions ‘t_weights_sequencer’ and ‘t_passability_se-
quencer’ are provided to generate the metadata needed (temporal
changes of nodes weights or barriers passabilities) based on simple ob-
jects of class data. frame.

The function ‘d_index_calculation’ can be resource-consuming for
large networks. The calculation of the dCCI indices for the case study in
this paper (network size: 650 reaches) took approximately 4 min on a
single core of a laptop equipped with 11th Gen Intel Core i7, 3.30 GHz
and 32 GB RAM. The option to parallelize calculations on multiple cores
is also available.

2.3. Application of ‘riverconn’ to the Ebro river

We used the Ebro river (NE Iberian peninsula) as a case study for
implementing the model. We used the HydroSHEDS river network for
the Ebro catchment (Fig. 1; Lehner and Processes, 2013). To limit the
size of the graph we retained only those sections of the river network
having an upstream area greater than 100 km?. We downloaded barriers
shapefiles from the Confederaciéon Hidrografica del Ebro website (htt
ps://www.chebro.es/) and snapped (maximum snapping distance = 1
km) them to the pruned river network (Fig. 1). We inspected visually the
results to ensure snapped barriers were retained in the proper
sub-catchment. Due to the pruning of the network, 97 barriers out of the
224 in the inventory were retained for the analysis. Based on the river
network and the barriers data, we generated a graph using the package

‘igraph’. We included the length of each reach (units: 10 Km) and its
elevation (obtained from a Digital Elevation Model and the ‘elevatr’
package, units: m a.m.s.]) as edges attributes. We set the upstream and
downstream passabilities of barriers to 0.1 and 0.8, respectively, adding
them to the graph as vertex attributes for those vertices categorized as
barriers. We set the passability of confluences to 1. The size of the
resulting graph was 650 edges (reaches). We used two univariate
theoretical habitat suitability curves based on elevation of each reach to
account for different species tolerances (Fig. 1). We defined habitat
suitability scores for an organism preferring low elevation streams and
for an organism preferring higher elevation streams. Finally, we used the
habitat suitability scores to calculate the weighted useable length of
each reach (edge; Fig. 1). A step-by-step tutorial is available at https://
damianobaldan.github.io/riverconn_tutorial/.

We calculated the RCI each reach (function ‘index_calculation’), and
dCCI for each barrier (function ‘d_index_calculation’). In the determi-
nation of the directionality for I;; in RCI, we used outbound connections
for each reach. Both outputs were used to prioritize reaches and dams for
restoration. We interpret the RCI as the potential of each reach to act as
dispersal source for the colonization of the river network: high-ranked
reaches (rank one is the highest) have high potential for restoration.
We interpret the dCCI as an index prioritizing those barriers whose
removal or improvement would lead to highest increases in CCI. Thus,
barriers that are ranked higher (rank one is the highest) yield higher
improvements in catchment connectivity (Pascual-Hortal and Saura,
2006). We repeated both assessments for 8 different setups (Tables 1 and
3): (A) Dendritic connectivity index with symmetric dams passabilities;
(B) Dendritic connectivity index with asymmetric dams passabilities; (C)
Integral Index of connectivity (dams are not passable and a threshold on
dispersal distance is used); (D) Integral Index of connectivity with uni-
form reach weights equal to one; (E) lowland species with active aquatic
dispersal (fish), (F) upland species with active aquatic dispersal (fish);
(G) lowland species with passive aquatic dispersal (invertebrate larval
stage); (H) upland species with passive aquatic dispersal (invertebrate
larval stage, bivalve). Additonally, for dCCI, we calculated also (I)
Catchment area fragmentation index. We plotted the spatial distribution
of reaches and barriers rankings, and compared the prioritization using
Spearman’s rank coefficient.


https://www.chebro.es/
https://www.chebro.es/
https://damianobaldan.github.io/riverconn_tutorial/
https://damianobaldan.github.io/riverconn_tutorial/

D. Baldan et al.

Table 2
Arguments of the function ‘index_calculation’. Refer to the package documen-
tation for a full overview. Note: V = vertex attribute, E = edge attribute.

Input Type  ‘riverconn’ name Description

river graph - graph Input ‘igraph’ object

reach weight weight Graph vertex attribute to be
used as w; in egs. (2.1) and
(2.2)

nodes id A nodes_id String that univoquely
identify each node

type of index - index_type Defines if CCI or RCI is
calculated

direction of RCI - index_mode Defines if inbound or
outbound links are used in
RCI

¢;j calculation - c_ij flag Defines if the contribution

flag of ¢; to CCI or RCI is

calculated or not (eq. (2.3))

Bjj calculation - B_ij_flag Defines if the contribution

flag of B; to CCI or RCI is
calculated or not (eq. (2.3))
Defines how equivalent
barriers passability is
calculated (eq (2.4) or 2.5)

¢ directionality - dir_fragmentation_type

confluence A pass_confluence Defines confluences
passability passabilities

upstream v pass_u Defines upstream-to-
barriers downstream barriers
passability passabilities

downstream \Y pass_u Defines downstream-to-
barriers uptream barriers
passability passabilities

attribute used \Y field_ B Graph’s vertex attribute

for distances used to be used as d;; in egs.
(2.8) - (2.11)

Defines if directionality is
accounted for in By
calculation (egs. (2.8) -

(2.11))

Bj; directionality - dir_distance_type

dispersal - disp_type Define if dispersal is
calculation calculated with exponential
mode (eq. (2.8) or 2.10) or
threshold (eq. (2.9) or 2.11)
decay
dispersal - param_u Defines the upstream
parameter dispersal parameter PD, in
eq. (2.10) or 2.11
dispersal - param_d Defines the downstream
parameter dispersal parameter PDg in
eq. (2.10) or 2.11
dispersal - param Defines the dispersal
parameter parameter PD in eq. (2.8) or
2.9
3. Results

Obtained values for RCI range between 5 10> and 0.38, with higher
values for DCI-like indices, and lower values for PCI-like indices. The
spatial distribution of RCI differs for the different setups (Fig. 2). The
symmetric DCI setup is higher for reaches located in the downstream
sections of the catchment (Fig. 2A), while the asymmetric setup has
higher values for reaches located in the mid-to upstream sections
(Fig. 2B). The IIC setup weights more reaches located in the main stem
and in the main channels (Fig. 2C and D). The PCI setup for lowland fish
has higher values for few sections in the main stem (Fig. 2E), while the
setup for upland-preferring fish has higher values for headwater sections
in the southern and northern parts of the catchment (Fig. 2F). The PCI
setup for lowland-preferring passive drifter weights uniformly the
downstream sections of the river (Fig. 2G), while the setup for the up-
land passive drifter weights more the headwaters (Fig. 2H).

Obtained values for CCI and BFI ranged between 0.005 and 0.29,
with higher values for DCI-like indices and CAFI, and lower values for
PCI-like indices. The spatial distribution of prioritized barriers varies
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with the CCI index setup (Fig. 3). The DCI setups, both symmetric and
asymmetric, assign high priorities to barriers located in the mid-section
of the main stem of the Ebro river (Fig. 3A and B). The IIC setup pri-
oritizes barriers located in the main stem (Fig. 3C), while the setup with
uniform weights prioritizes more upstream barriers (Fig. 3D). The PCI
setup for lowland-preferring fish has higher values for few sections in
the main stem (Fig. 3E), while the setup for upland fish has higher values
for headwater sections in the southern and northern parts of the
catchment (Fig. 3F). The PCI setup for lowland-preferring passive drifter
weights uniformly the downstream sections of the river (Fig. 3G), while
the setup for the upland passive drifter weights more the headwaters
(Fig. 3H). The CAFI prioritizes the most downstream barriers (Fig. 3I).

The correlation of both RCI and the barriers prioritization is highly
variable. For RCI, the Spearman’s correlation ranges from negative
values (—0.46 for scenarios E-H) to high congruence (0.89 for scenarios
A-E, Fig. 4). For the barrier’s prioritization with dCCI, Spearman’s
correlation ranges between low congruence (—0.15 for E-H) to high
congruence (0.94 for A-E, Fig. 5). There seems to be a partial overlap
between RCI and dCCI, as barriers located in reaches with higher RCI are
also ranked higher in the prioritization.

4. Discussion
4.1. Use of the package for population ecology

Restoring river connectivity is increasingly considered as an option
to improve the health of freshwater populations and the resilience of
metapopulations (Tickner et al., 2020). Beneficial impacts of connec-
tivity restoration have been documented for many fish species (Bir-
nie-Gauvin et al., 2020; King et al., 2017; Sun et al., 2022). However,
development of general connectivity-biota causal links to inform resto-
ration planning is complicated because of species-specific dispersal and
movement traits (Baldan et al., 2020). For instance, the response of
organisms with limited mobility to increased connectivity might be
limited. In this regard, the analysis of historical connectivity losses and
the related effects on biota can be beneficial (Hall et al., 2011; Mattocks
etal., 2017). Historic populations data can be reconstructed from public
datasets (e.g. RivFishTIME, Carvajal-quintero et al., 2021), while qual-
itative methods can be used where data are not available (Duarte et al.,
2022). Historic connectivity-biota relationships can be used to validate
connectivity indices, especially when developed on neighbouring
catchments with different degree of fragmentation. The establishment of
connectivity-biota causal pathways and the validation of connectivity
metrics can then be used to support population management (Schick and
Lindley, 2007).

Functional and structural connectivity are influenced by seasonal to
multiannual dynamics (Fullerton et al., 2010; Pont et al., 2015),
including the spatial structure of the river network, orientation prop-
erties and modes of operation of barriers, species traits and spatiotem-
poral scales considered. Climate change can affect the structure of the
mesohabitat and indirectly affect the dispersal potential of organisms
(Baldan et al., 2021; Holyoak et al., 2020). Effects can be even more
drastic in rivers experiencing intermittency (Datry et al., 2014; Jaeger
et al., 2014). Thus, time-dependent estimates of connectivity indices
might be needed to fully capture the dynamics of the system. If the
relaxation time of the system (i.e. the time the system needs to reach
steady state) is smaller than the time span considered (Castillo-Escriva
et al., 2020), the problem can be considered by a sequence of steady
states, with the static equations implemented in ‘riverconn’ still
adequate. In this case, connectivity indices can be calculated for each
state of the system separately and synthetic indicators can be developed
to represent the connectivity aspects (Cid et al., 2020). For highly dy-
namic systems such as small sized catchments and/or highly intermit-
tent, different methodological approaches such as individual-based
models or high-frequency monitoring (Pineda-Morante et al., 2022)
might be needed to better capture spatial or temporal connectivity
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Fig. 1. Package workflow. DEM: Digital Elevation Model; HSI: Habitat Suitability Index.

patterns at the expense of higher data collection efforts and computa-
tional capacities. In these cases, connectivity patterns and barriers dis-
tribution might also be understood differently as fragmentation by
drought can strongly vary in relation with river morphology, drought
intensity or riffle and pool distribution (Canedo-Argiielles et al., 2020;
Sarremejane et al., 2017). The use of actual, observation-based, con-
nectivity metrics can also be feasible for such smaller scales applications
(Jumani et al., 2020).

The ‘riverconn’ package can be used for calculating several con-
nectivity indices and their temporal development, and therefore can be
of great support for population-level analyses. At the moment, ‘riv-
erconn’ implements only equations for calculating estimates of longi-
tudinal connectivity. However, other dimensions of connectivity exist
(Canedo-Argiielles et al., 2015; Grill et al., 2019; Tonkin et al., 2018):
lateral connectivity (river - floodplains), vertical connectivity (ground-
water-river-atmosphere), and temporal connectivity (constancy of the
flow). The implementation of lateral and vertical connectivity would

require a modification of the base conceptualization of the river network
as a directed loopless tree towards patch-based spatial graphs (Eros
et al., 2012). Flow-related dependencies (the temporal connectivity
aspect) could still be included in ‘riverconn’ by quantifying the reach- or
meshohabitat-scale as a function of flow characteristics (Kakouei et al.,
2018). In this regard, Indicators of Hydrological Alteration are a useful
set of metrics to synthetize a wide range of hydrographs characteristics
in scalar properties for spatial analyses (Olden and Poff, 2003).

4.2. Use of the package for community ecology

In fragmented landscapes, organism dispersal plays a key role in
determining the local community structure (Borthagaray et al., 2015;
Canedo-Argiielles et al., 2015). Connectivity, defined as the degree to
which the landscape facilitates the movement of individuals among
habitat patches (Economo and Keitt, 2010; Uroy et al., 2021), is a key
factor affecting dispersal. Connectivity, determined by landscape



D. Baldan et al.

Table 3
Scenarios definition.

Setup Scenario
name

Index
acronym

Details

‘d_index_calculation’
setupin R *

A Symmetric
DCI

B Asymmetric
DCI

C 1(¢

D 1IC with
uniform
weights

E PCI lowland
fish

F PCI upland
fish

Dendritic
Connectivity
Index.

Dendritic
Connectivity
Index.

Integral
Index of
Connectvity

Integral
Index of
Connectvity
with uniform
weights

Population
Connectivity
Index

Population
Connectivity
Index

Node
weights are
reaches
lengths.
Node
weights are
reaches
lengths.
Asymmetric
connectivity
described in
eqn. (2.5) is
used.

Node
weights are
reaches
lengths. A
threshold of
30 km is used
to calculate
the dispersal
probability
(eq. (2.8)).
Barriers
passabilities
are set to 0.
Reaches
receive
uniform
weights
(weight = 1).
A threshold
of 30 km is
used to
calculate the
dispersal
probability
(eq. (2.8)).
Barriers
passabilities
are set to 0.
Nodes
weights are
the weighted
useable
length of
each reach
for the
upland
organism.
Functional
connectivity
simulated
with eqn.
(2.7) setting
a parameter
of 0.8.
Nodes
weights are
the weighted
useable
length of
each reach
for the
lowland
organism.
Functional
connectivity
simulated
with eqn.
(2.7) setting
a base of 0.8.

B_ij_flag = FALSE.

B_ij_flag = FALSE,
dir_fragmentation_type
= “asymmetric"

param = 3,disp_type =
“threshold"

param = 3,disp_type =
“threshold"

param = 0.8

param = 0.8
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Table 3 (continued)

Setup  Scenario Index Details ‘d_index_calculation’
name acronym setupinR *

PCI lowland Population Nodes dir_distance_type =
passive Connectivity weights are “asymmetric”,
Index the weighted disp_type =
useable “threshold”, param_u =
length of 0, param_d = 3
each reach
for the
upland
organism.
Functional
connectivity
simulated
with eqn.
(2.8) setting
a threshold
of 30 km on
the
downstream
dispersal and
0 km for
upstream
dispersal.
H PCI upland Population Nodes dir_distance_type =
passive Connectivity weights are “asymmetric”,
Index the weighted  disp_type =
useable “threshold”, param_u =
length of 0, param d = 3
each reach
for the
lowland-
preferring
organism.
Functional
connectivity
simulated
with eqn.
(2.8) setting
a threshold
of 30 km on
the
downstream
dispersal and
0 km for
upstream
dispersal.

@ Parameters that are not specified are assigned their default values. Addi-
tionally, for the function ‘index_calculation’, the following setup was added:
index_type = “reach”, index_mode = “from".

structure (i.e. the spatial arrangement of communities) and species’
dispersal strategies is widely used to assess communities’ isolation
(Borthagaray et al., 2020; Horvath et al., 2019; Pineda-Morante et al.,
2022). Accordingly, metacommunity theory predicts local richness and
diversity to be highly influenced by the degree of isolation of the com-
munity (Heino et al., 2015; Tonkin et al., 2018). Landscape fragmen-
tation is a factor influencing the structuring of freshwater communities
(Diaz et al., 2021; Horvath et al., 2019; Perkin and Gido, 2012). Thus,
deriving metrics describing communities centrality and isolation is a key
task in current community ecology (Pineda-Morante et al., 2022).
Recent development allowed to account for the directional and dendritic
nature of the river network (Peterson et al., 2013), but still much work is
needed to include longitudinal barriers indices as spatial covariates of
aquatic communities (Wang et al., 2019). The RCI can be computed for
each reach where community data is available and can be used as a
predictor in multivariate community analysis. The effect of fragmenta-
tion on biotic communities is expected to be mediated by the spatial
scales and extents analyzed (Mahlum et al., 2014). Furthermore, the use
of such metrics could complement spatial covariates based on Euclidean
distance, river-based distance, and flow connected distance (Ver Hoef
and Erin, 2010) in a variance-partitioning algorithm to quantify the
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effect of longitudinal fragmentation on biotic communities and
beta-diversity (Canedo-Argiielles et al., 2020; Schmera et al., 2018).
Consequently, the implementation of connectivity indices for commu-
nity level studies would contribute to better quantify barrier impacts at
higher organizational levels and across different organisms.

4.3. Use of the package to support riverscape planning
Our results show how the use of different connectivity indices based

on different assumptions on the calculation of structural and functional
connectivity can lead to diverse outcomes in the prioritization of reaches

and barriers. The reaches prioritization based on the DCI has higher
values for section of the catchment where few barriers exist, located
more upstream when directionality is accounted for. Accordingly, bar-
riers whose removal would increase the connected length are prioritized
(Jumani et al., 2022). The DCI is length-based, and therefore it is sup-
posed to be sensitive to the river network cropping. Therefore, the
cropping of the headwater reaches might result in overlooking the
connectedness of the headwaters to the river network. The CAFI
partially solves this issue by using area-based weights, less sensitive to
river network delineation (Jumani et al., 2022). However, CAFI is not a
network based index, thus it might neglect interactions between barriers
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Fig. 4. Spearman’s correlation diagram for the different versions of the reach connectivity index in the Ebro river. See Table 1 for the definition of the setups (Letters

A-H).

placement that are accounted for in DCI and PCI (Cote et al., 2009;
Rodeles et al., 2021).

The package ‘riverconn’, can explicitly consider the assumptions
underlying the definition of each connectivity index, improving the
transparency of the prioritization process. Multi-criteria analysis has the
potential to generate compromise indices based on a large set of indices
calculated under different setups. Further, optimization algorithms can
be used to identify optimal barriers or habitat improvement sequences
under economic constraints (King et al., 2017; O’Hanley, 2011).

The functions implemented in ‘riverconn’ can be used to support the
delineation of relevant sub-catchments for conservation planning
(Moilanen et al., 2008). Methods for prioritizing sub-catchment for
freshwater biodiversity conservation based on optimization algorithms
deal with connectivity with simplistic approaches, such as distance
penalties (Beger et al., 2010), or the unobstructed distance upstream a
barrier (McManamay et al., 2019). Modeling frameworks that include
graph-based connectivity were recently proposed (Eros et al., 2018). The
use of a wide array of connectivity indices can better incorporate mul-
tiple connectivity facets into freshwater conservation planning by
explicitly including in the models organism-specific dispersal traits
(Rodeles et al., 2021).

Planning and implementation of conservation actions such as habitat
improvement is also carried out at the meso-habitat scale (1-100 m,
Wegscheider et al., 2020). In our graph-based conceptualization of the
river network, we defined a node as a whole reach. This definition al-
lows to consider only attributes averaged over a reach and might not be

enough when the analysis seeks to follow restoration actions occurring
at finer scales. However, any reach of interest could be further split in a
sequence of nodes, corresponding to sequences of different mesohabitats
(Eros et al., 2012). Therefore, ‘riverconn’ conceptualization of the river
can be adapted to the specific study case and scale, allowing for frag-
mentation assessments by explicitly considering different scales. For
instance, first a broad assessment can be conducted at the catchment
scale, then a detailed analysis on a smaller area of interest (for instance,
a dammed reach and the surrounding floodplains) can be performed
(Er6s et al., 2012).

5. Conclusions

In this paper we re-conceptualized many indices used to assess river
network fragmentation under a unifying framework and we presented
an R package, ‘riverconn’, that allows for the calculation of such indices
based on a graph-based landscape conceptualization and widely avail-
able geospatial data. Functions implemented in the package can support,
among others, (i) conservation planning via the identification and pri-
oritization of barriers and habitats for connectivity improvement at the
catchment scale, (ii) population ecology via the possibility to analyze
historic patterns of fragmentation, and (iii) community ecology, offering
the possibility to generate barriers-dependent spatial covariates for
community analysis.
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