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Abstract

Aim: Waterbirds that travel seasonally between Europe and Africa use wetlands along
four major Palearctic-Afrotropical flyways. However, it is unknown to what extent the
overall connectivity of these flyways may be threatened by ongoing habitat loss and
degradation. Here, we contrasted the wetland connectivity along these four flyways,
applying graph-theoretic connectivity metrics on an intercontinental scale. We also
explored for which flyway connectivity is most at risk. We then identified the most
important wetlands by their contribution to connectivity in each flyway.

Location: Western Palearctic, Afrotropics.

Methods: Based on high-resolution wetland maps, we calculated directional proba-
bilistic connectivity metrics. Estimates of overall connectivity of each flyway were
obtained, as well as the relative importance of wetlands, for birds with different mi-
gration strategies: short-distance hoppers and long-distance jumpers.

Results: The East-Atlantic flyway and Eastern Mediterranean flyway had higher
overall functional connectivity than the two central routes, reflecting the larger bar-
rier represented by the Mediterranean Sea and Sahara Desert. Fewer than 5% of all
wetlands supported more than 70% of the total connectivity of the network in each
flyway, regardless of the considered migration strategy. These wetlands were either
large, strategically positioned or both. Removing non-protected wetlands from the
analysis showed that the connectivity of some flyways could be jeopardized and that
the East-Atlantic and Eastern Mediterranean flyway may be most vulnerable to ad-
ditional habitat loss.

Main conclusions: Our results illustrate (i) the major contribution of unprotected wet-
lands to flyway connectivity, (ii) the importance of integrating migration ecology into
site-based connectivity analyses and (iii) the utility of graph-based connectivity met-

rics to inform conservation prioritization under present and future scenarios.
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1 | INTRODUCTION

Migratory waterbirds spend much of their life travelling between
scattered habitat patches in a largely inhospitable landscape ma-
trix. Waterbirds ecologically link distant areas by performing these
seasonal movements at large spatiotemporal scales (Bauer & Hoye,
2014; Piersma & Lindstrom, 2004). Because of their migratory
behaviour, avian migrants are sensitive to changes in the state of
their habitat in every part of their range, and the quality and con-
nectedness of paths and stopovers along migratory trajectories
can culminate in strong differences in survival and reproduction
(Aharon-Rotman et al., 2016; Bauer et al., 2008).

Cumulative effects of habitat deterioration and strong reduc-
tions in functional wetland area due to human disturbance and
climate change may render migratory habits no longer ecologically
tenable. Currently, 38% of all waterbird populations are declining,
the majority of which are migratory (BirdLife International, 2018;
Wetlands International, Mundkur, & Nagy, 2012). Some avian mi-
grants can cross thousands of kilometres in a single non-stop flight,
but all rely on stopovers that need to be sufficiently connected for
replenishing their energy reserves (Kirby et al., 2008; Trierweiler
et al., 2014; Xu et al., 2019). Nevertheless, whether currently used
wetland networks are well-connected or not is unknown for the ma-
jority of the world’s flyways.

The connectivity of suitable stopover sites such as wetlands is
probably most important close to migratory barriers such as seas and
deserts. Adequate resting and refuelling opportunities for birds in
these barrier regions are scarce, and overall conditions can be more
challenging for example, thermoregulation and maintaining internal
water balance (Newton, 2008). Often, migratory waterbirds are clas-
sified into jumpers, skippers and hoppers based on their predomi-
nant migration strategy and the fat reserves they carry to fly longer
distances (Piersma, 1987). However, currently we do not know how
wetland networks along different flyways can facilitate efficient mi-
gration of birds with different migration strategies. Such knowledge
could be important to better understand why birds follow certain
routes and to analyse the extent to which different routes differ in
facilitating bird migration.

Worldwide, eight (or nine) flyways are recognized that group
similar migratory trajectories of different populations and species
(Boere & Piersma, 2012; Boere & Stroud, 2006), though flyways can
also be defined for individual birds. The flyway concept helps to bet-
ter assess a wetland's function within the entire migratory trajec-
tory and to coordinate international conservation efforts. More than
300 migratory bird species make use of the Palearctic-Afrotropical
flyways and 255 of those rely mainly or exclusively on wetlands
during at least part of the year (BirdLife International, 2010a, 2010b;
UNEP/AEWA secretariat, 2018). Still, much remains unknown about

differences in connectivity of flyways and the relative importance of
individual stopovers within them.

Globally, the Ramsar convention and Important Bird and
Biodiversity Area (IBA) network are aimed at protecting wetland
areas of international importance. In the Western Palearctic the
Birds® and Habitats? Directives protect wetlands that are part of the
Natura 2000 network within the European Union. However, a sub-
stantial fraction of wetlands used by migratory birds is not formally
protected, let alone maintained in a favourable state of conserva-
tion, and it is not known to what extent such unprotected wetlands
are essential to maintain connectivity (Runge et al., 2015). In the
context of connectivity, not only a wetland’s quality but also its po-
sition in relation to other wetlands and to migratory barriers should
be taken into account when establishing conservation priorities
(Amezaga et al., 2002; Dhanjal-Adams et al., 2017).

To better evaluate the suitability of stopover networks and pri-
oritize wetland sites for bird migration, there is a need for practical
metrics that can provide a reliable estimate of the connectivity of
flyways and can assess which wetlands may be more important than
others. This is not straightforward, as the concept of connectivity
has different interpretations that are sometimes difficult to distin-
guish in practice (e.g. functional vs. structural connectivity; Taylor
et al., 2006), and many different approaches exist that measure
different types of connectivity (Keeley et al., 2021; Rayfield et al.,
2011). Still, existing legal frameworks do not include quantitative
measures that integrate a wetland's position in migratory networks
during conservation prioritization.

Graph-theoretic metrics, which represent landscapes as a com-
bination of nodes (habitat patches) and links between them, have
emerged as an efficient tool for very large datasets in particular
(Moilanen, 2011; Zetterberg et al., 2010). Graph theory has proven
useful to assess the effects of sea level rise on migratory fluxes in
shorebirds (lwamura et al., 2013), or to directly relate connectivity
losses to population declines in several migratory waterbird species
(Xu et al., 2019). But thus far, applications to large-scale networks in-
cluding a large number of patches are rare and have only addressed
few flyways (Bellisario, 2018; Clauzel et al., 2018; Xu et al., 2020).

One of the most widely applied graph-theoretic connectiv-
ity metrics is the Probability of Connectivity (PC) index (Saura &
Pascual-Hortal, 2007), which has been used to analyse the func-
tional connectivity for a variety of ecosystems and species, includ-
ing migratory birds (Engelhard et al., 2017; Xu et al., 2019; Zhao
et al., 2014). PC is considered as one of the more sophisticated

!Directive 2009/147/EC of 30 November 2009 on the conservation of wild birds, the
European Parliament and the Council of the European Union.

2Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of
wild fauna and flora, Council of the European Union.
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and versatile metrics (Laita et al., 2011), because the underlying
model is sensitive to fragmentation and habitat loss of individual
habitat patches. The importance of connections between patches
is weighted by how easily they can be crossed by individual birds,
which allows to include biological realism by simulating species
with different migratory capacities (functional component of con-
nectivity; Saura et al., 2014). The metric can incorporate the direc-
tional nature of migration, by downweighting connections that are
directed away from the target destination (Saura et al., 2014) and
can evaluate the importance of each habitat patch by comparing the
loss in network connectivity if this patch would be removed from
the network (Bodin & Saura, 2010; Saura & Pascual-Hortal, 2007).
Combined, these traits render PC particularly suitable for identifying
priority patches for different migratory species in different types of
networks, which is a critical element for conservation planning and
management (Keeley et al., 2021; Zetterberg et al., 2010). As such, it
provides an excellent candidate method for comparative, large scale
analyses of the connectivity of habitat networks and their sensitivity
to habitat loss, especially given the development of wetland maps
with a reasonable accuracy (Pekel et al., 2016).

Here, we present a quantitative comparison of the network
structure and connectivity of the four major Palearctic-Afrotropical
flyways for migratory waterbirds, based on high-resolution wet-
land maps: the East-Atlantic flyway (EAF), and the Black Sea-
Mediterranean flyway split up in a Western (WMF), Central (CMF)
and Eastern (EMF) flyway. Our main goals were (i) to reconstruct
connectivity based on the network structure of the four flyways and
the suitability for waterbirds with different migration strategies and
(i) to simulate the vulnerability of these flyways to habitat loss and
degradation based on the current protected status of the wetlands
along these flyways.

Flyway connectivity was reconstructed using the directional
graph-theoretic PC index. This metric assumes birds have a bet-
ter chance of completing migration successfully for networks that
consist of larger wetland areas and in which there is a higher po-
tential movement between wetlands because there are fewer iso-
lated or remote sites. This means that, depending on the network
structure, smaller, well-connected sites may be more valuable for
migratory birds than larger, isolated wetlands. Based on the wetland
network structure, we assessed the suitability of each flyway for
accommodating waterbird types with different migration strategies:
short-distance hoppers and long-distance jumpers. We expected
connectivity to be higher in the flyways along the Atlantic Coast and
Nile River, where coastal wetlands and floodplains along the Nile
River respectively provide more stopover opportunities. However,
we hypothesized that differences in connectivity between flyways
would be less pronounced for birds that employ a jumper migration
strategy are able to fly longer stretches without visiting stopovers.

Second, we evaluated the extent to which the current network
of protected areas can facilitate flyway connectivity. By simulating
the disappearance of wetlands without formal protection, we as-
sessed the flyways' sensitivity to wetland loss. Based on such in-
formation, we could identify at which exact locations extensions
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of legally protected wetland networks and improvements in the
implementation of conservation policies may be most effective for
migratory waterbirds. We hypothesized that particularly the flyway
crossing the Balkan region might be sensitive to wetland loss, given
that it covers European countries with a large fraction of unpro-
tected wetlands. Third, we determined which (un)protected wet-
lands are disproportionately important for facilitating the crossing
of major barriers. Larger wetlands with many connections to other
wetlands are assumed to be more important for connectivity than
smaller, isolated wetlands. Besides the surface area or the number of
birds temporarily hosted by a site, a wetland's importance for overall
flyway connectivity may be an additional motivation for allocating
conservation resources to specific wetlands, especially when popu-

lations with different migration strategies depend on them.

2 | METHODS

2.1 | Studyarea
We analysed the connectivity of four major Palearctic-Afrotropical
flyways. The study area stretches from the Syrian Desert and the
Red Sea in the east to the Atlantic Ocean in the west, a longitudi-
nal span of circa 22 degrees. At the northward border are moun-
tain ranges of southern Eurasia (Pyrenees, Alps, Dinaric, Balkan and
Pontic Mountains). The southward edge of the Sahel limits the study
area up to approximately 10°N in the south (Figure 1). Geographic
barriers that restrict the movement of migratory waterbirds and/or
that represent important leading lines for orientation in the land-
scape were used to define the appropriate geographical borders.
Because migration routes in the Mediterranean and northern and
central African sections are better known than those in the northern
regions of Eurasia and in southern Africa, we focused on the former.
Birds travelling to and from sub-Saharan Africa must cross
the Sahara Desert, an area that spans up to 2000 km from north
to south, where thermoregulation and replenishing energy re-
serves are particularly challenging (Fransson et al., 2017; Lok et al.,
2015; Schmaljohann et al., 2007). The adjoining crossing of the
Mediterranean Sea is another stretch of up to 700 km open water
without stopovers. Mediterranean coastal wetlands in Southern
Europe and Northern Africa provide relatively stable and suitable
stopover habitats (Blondel et al., 2010). The study covers these wet-
lands where migrating waterbirds can build up or restore energy
levels to overcome both geographical barriers, also for waterbirds
travelling further north or south of the study area. In the southern
partof the study area, the belt of Sahelian wetlands hosts many trans-
Saharan migrants during migration or (part of) the non-breeding
season (Bayly et al., 2012; Zwarts et al., 2009). Delineation of the
East-Atlantic (EAF) and Black Sea-Mediterranean flyway was based
on the global flyway concept (Boere & Stroud, 2006). The Black Sea-
Mediterranean flyway was further split into in a western (WMF),
central (CMF) and eastern (EMF) zone. The latter, EMF, incorporates
a part of the West-Asian-East-African flyway. By subdividing the
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FIGURE 1 Map of flyway outlines (dotted lines) and wetland areas (circles) in different colours: EAF (blue), WMF (yellow), CMF (green)
and EMF (grey). Blank circles with a coloured outline indicate unprotected wetlands, while legally protected wetlands are indicated by
filled circles with a black outline. Wetlands that are located in the zones of overlap between the EAF-WMF (blue), WMF-CMF (yellow) and
CMF-EMF (green) are included in both flyways. The datum used for mapping is the World Geodetic System 84 with a Mollweide equal area

projection

Black Sea- Mediterranean flyway into three zones, we could com-
pare the network structure of flight routes towards or from different
Sahelian regions along different peninsular bridgeheads for cross-
ing the Mediterranean Sea (between Corsica/Sardinia/Sicily/south-
ern ltaly and Tunisia/Western Libya, and between Greece/Turkey
and Eastern Libya/Egypt), versus the Anatolia-Arabia land crossing
(Figure 1).

2.2 | Wetland data
Wetland raster data were retrieved from the Global Surface Water
Explorer (Pekel et al., 2016; https://global-surface-water.appsp
ot.com/), developed by the European Joint Research Centre. This
database integrates information on the extent of water bodies
worldwide at a 30-m resolution. The water occurrence layer was
considered most suitable for our purposes as it reflects the intra-
and interannual dynamics of wetlands. To facilitate migration,
waterbirds require stable wetland areas, with a predictable annual
recurrence of resources during specific seasons (Newton, 2008;
Woolf et al., 2003). All 30-m sided cells where water was present in

more than 75% of the observation period, that is, monthly records of
water extent between 1984 and 2018, were considered as available
wetland areas for migratory waterbirds. Raster cells where water
was less regularly available were discarded. By allowing for temporal
variation in the water extent of selected cells, we included perma-
nent water bodies as well as temporary or seasonal wetlands that
recurred during a large part of the study period. The water occur-
rence layer was processed in ArcGIS (ArcMap version 10.3, Esri) to
create the vector-based input for the connectivity analyses (Figure
$1.1); wetland maps and figures were created in QGIS (version 3.12,
Bucuresti, Open Source Geospatial Foundation, 2020).

After converting the raster to a vector layer, the resulting
wetland polygons were aggregated if they were smaller than
75 000 m? and if they were situated within 5000 m from each
other. Aggregating wetlands was required for rendering the num-
ber of nodes and calculation times manageable. The size and dis-
tance thresholds were selected to remain as close as possible to
the way birds make use of wetland areas while travelling through
flyway networks. Waterbirds easily cross 5000 m in their daily
movements and are mostly attracted to larger wetland complexes,
as these are more stable and host more diverse habitats in terms
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of feeding opportunities and vegetation (Kirby et al., 2008; Ma
et al., 2010). Also, smaller wetlands are considered of less impor-
tance for larger-scale patterns of connectivity. Different aggrega-
tion thresholds were explored and aggregating wetlands smaller
than 75 000 m? resulted in a manageable network with the highest
resolution (number of distinct wetlands).

Furthermore, special attention was paid to the linear elements
that stretch out over a considerable part of the flyways, such as
rivers. Rivers are considered important waterbird habitat, including
the floodplains and oases associated with them, and they also func-
tion as visual cues for orientation in the landscape (Newton, 2008).
To avoid bias in connectivity estimates, all rivers were fractionated
into separate segments of 75 km at most (segmentation suggested
by Erés et al., 2011). This north-to-south threshold was based on
the north-to-south length of the largest wetlands. The segmenta-
tion of rivers does not have an influence on the connectivity of the
network, as the flight abilities of migratory birds by far exceed this
threshold distance. Without this segmentation step, rivers would
appear as one large wetland regarding size but with only one cen-
troid coordinate. This would distort the pattern of connections
to other wetlands (i.e. the calculation of inter-wetland distances)
within the flyway. The final result is a wetland vector layer for each
flyway in which individual wetlands are defined as the (multipart)
polygons that resulted from aggregating patches where water oc-
curred for more than 75% of the months between 1948 and 2018,

with river polygons divided into segments (Figure S1.1).

2.3 | Network structure and connectivity
For each flyway, we calculated the total surface area and size dis-
tribution of wetland patches and a proxy for general isolation of
wetlands in each flyway. Average patch isolation was calculated
as the average distance between two wetlands in each flyway. To
analyse the overall connectivity of the four Palearctic-Afrotropical
flyways and determine the relative importance of wetlands within
these networks, an adapted, directional version of the PC index
was used, implemented in R version 4.0 (Figure 52.1; R Core Team,
2020; Saura et al., 2014; Saura & Pascual-Hortal, 2007). Each
wetland-to-wetland connection is defined by a distance and a
direction in which the movement can occur. In our simulations,
we modelled autumn migration, so movement is oriented south-
wards and inter-wetland connections opposite to the preferential
direction are assigned a probability of zero to eliminate northward
movements. Quantitatively, as no other parameters are changed in
this model to reflect seasonality, PC results are identical for spring
and autumn migration, yet very different from an undirected situ-
ation where both directions of inter-wetland movement would be
allowed (Table S3.1).

We explored the effect of migration ecology on flyway con-
nectivity by estimating connectivity for two types of migratory

strategies. ‘Hoppers’ (e.g. Ruddy Turnstone Arenaria interpres,
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Eurasian Spoonbill Platalea leucorodia) were assigned a median
flight distance of 500 km, whereas ‘jumpers’ (e.g. Red Knot Calidris
canutus, Black-tailed Godwit Limosa lapponica) were considered to
easily fly 1500 km in one go (Dhanjal-Adams et al., 2017; Piersma,
1987; Warnock, 2010). The flight ranges of hoppers and jumpers
were based on observed flight distances of species with a known
migration strategy, shown in Figure S4.1b. These flight distances
were linked to a probability of 0.5, which was assigned to the
median non-stop flight distance, that is, a distance that is easily
crossed in 50% of the cases by the migratory population. Given
the exponentially decreasing relation between distance and the
probability that this distance is crossed (Saura & Pascual-Hortal,
2007), this implies the maximal flight range of hoppers and jump-
ers is approximately 2200 and 6500 km respectively, with less
than 5% of the population flying this distance easily in non-stop
flight (Figure S4.1; Dhanjal-Adams et al., 2017). To explore robust-
ness of the results, all analyses were repeated while implementing
flight kernels based on gamma functions (i.e. where short-distance
movements were assigned a lower probability). These represent
scenarios where birds are more likely to fly intermediate distances
than short distances during migration. The results of this gamma-
based analyses are covered in Supporting Information (Figures
S5.1, S5.2; Table S5.1).

For each flyway, network- and wetland-level connectivity esti-
mates were obtained for both hoppers and jumpers. The network-
level Equivalent Connectivity (EC,.) corresponds to the size of a
single contiguous habitat patch that would have the same connectiv-
ity as the studied network (Saura & Torné, 2012). Larger EC,-values
indicate a higher connectivity of the network, i.e. more and/or stron-
ger connections between habitat patches. Note that both EC, and
the summed wetland area represent a ‘virtual’ network where all
wetlands of the flyway would form one coherent patch (Figure S6.1).
The smaller the difference between the summed wetland area and
the ECp, the smaller the ‘loss’ of connectivity in the network due to
spatial scattering of habitat patches as opposed to a network formed
by a single uninterrupted patch.

The wetland-level dPC-value represents the importance of an
individual wetland for overall network connectivity, which is the
impact of the loss of this wetland on the flyway's connectivity.
Wetlands are considered more important if their loss results in a
larger decrease in connectivity of the flyway than if other wetlands
are lost (Saura & Rubio, 2010).

The relative node importance (dPC) value can be subdivided into
three fractions: intra, flux and connector. These components reflect
the different ways in which wetlands and the connections between
them contribute to connectivity (Figure S2.1). Intrapatch connectiv-
ity, dPCintra, is the potential movement within patches, depending on
the available habitat area. Interpatch connectivity, or the contribution
of connections between patches, is split up into the area-weighted
flow via direct connections (dPCflux) and the movement through
patches that function as steppingstones between other patches (dP-
Cconnector; Saura et al., 2014; Saura & Pascual-Hortal, 2007).
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2.4 | Coverage of flyways by protected areas

To evaluate the robustness of each flyway against wetland habitat
loss, we calculated how the overall connectivity (EC,) of the fly-
ways would change if only legally protected areas would remain.
For this, we assumed that unprotected wetlands are less likely to
be in a favourable state of conservation and more at risk for (fu-
ture) habitat degradation and destruction than protected ones.
Networks of protected wetlands were constructed from overlays
of the Global Surface Water-derived wetland polygons and the
IUCN'’s World Database on Protected Areas shapefile (version of
June 2020). This way, we only selected wetland fragments that are
currently legally protected at national or international level, without
considering effectiveness of implementation of a favourable state
of conservation. Because of the uncertainty involved in large-scale
databases of this type for inferring a wetland's ecological condition,
we opted for the most conservative approach by including all pro-
tected areas reported in the IUCN database. This implies the areas
where information about the protection level was not reported,
assigned or applicable were not discarded (Maiorano et al., 2015;
Saura et al., 2019). Wetlands with multiple protection levels were
included only once. For comparability with flyway networks in which
both protected and unprotected wetlands were included, wetlands
in the IUCN-layers were also aggregated if they were smaller than
75 000 m? and situated within 5000 m, followed by a segmentation
step for river polygons.

To contrast these results with a more unfavourable scenario,
we also assessed the connectivity of flyways in which we omitted
wetlands for which information on protection level was lacking in
the IUCN’s database. Here, only protection categories | to VI were
retained. Results of this analysis are reported in Supplementary
Information, Appendix S7 (Figures S7.1, S7.2 and S7.3).

3 | RESULTS
3.1 | How connected are Palearctic-Afrotropical
flyways?

The four studied flyways differed in network structure and over-
all connectivity (Figure 2, Figure S8.1). Based on the Equivalent
Connectivity (EC,.), connectivity of the EAF and EMF was 24%-
36% higher than the WMF and CMF. Although the WMF contained
the largest number of wetlands, its total wetland surface area was
lowest. The EAF had the lowest number of wetlands, but when com-
bined these represented the second-largest total wetland surface

area.

3.2 | Arehoppers more affected than jumpers?

Connectivity, captured by EC,., was between 21 (EAF) and 31%
(WMF) lower for hoppers than for jumpers, which can travel more
easily through the network (Figure 2). In the EAF, the EC,. was re-
spectively 43 and 55% lower than the total wetland area for jumpers
and hoppers. Although this difference between EC,. and total wet-
land area is smaller than for the other flyways, the relatively large
spatial distribution of wetlands causes functional connectivity to
decrease with more than half compared to the imaginary situation
when these wetlands would together form one contiguous habitat
patch (Figure $6.1). In the other three flyways, the EC,,. was between
47 (EMF) and 51% (WMF) lower than the total area for jumpers, and
between 63% and 66% for hoppers. The advantage of migration via
the EAF compared to the WMF or CMF based on the connectivity of
wetlands was more pronounced for hoppers than for jumpers. Also,

the decrease in functional connected area (EC,.) compared to the

w0 protected + unprotected I B M protected = jump O hop
40,000 N=1413
N=698
30,000 1 N=1698 N=1142
&
£
=
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10,000 =% -
JH1ID 8D L
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FIGURE 2 Overview of the total wetland area (circles) and Equivalent Connectivity (EC,, bars) of the four flyways. Flyways are
presented in different colours, with lighter and darker shades for the analyses in which networks contained all wetlands (both protected
and unprotected), or only protected wetlands, respectively. Results for waterbirds with a jumping and a hopping migration strategy

are respectively represented by filled and blank bars (EC--values). Points indicate the summed wetland surface area of each flyway
network, labelled with the total number of wetlands or wetland complexes (N) included in the analysis
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summed wetland area was at least 4% and 8% smaller in the EAF
compared to WMF, CMF and EMF for jumpers and hoppers respec-
tively. Travelling via the EMF, however, had a slightly more distinct
advantage for jumpers than for hoppers compared to the CMF route,
as ECp-values were respectively 30% and 26% higher for the EMF
than for the CMF (Table S3.1).

3.3 | Which wetlands are most important?

Wetlands and their relative importance value for connectivity are
mapped in Figure 3. In all flyways, the 10 most important wetlands
- those with the highest relative node importance (dPC) value -
contributed to more than 40% of the total connectivity of the en-
tire network and a similar proportion of the total available surface
area (Table $3.1, conservation status in Table $9.1). Similarly, the 25
top-ranked wetlands accounted for more than 45% of flyway con-
nectivity. Fewer than 5% of the wetlands accounted between 71%
(WMF, jumpers) and 85% (EAF, hoppers) of the total connectivity
and between 72% (WMF) and 80% (EMF) of the total surface area

20°W | 10°W |

A

40°N ‘dPCle
e . 5<dPC< 10

@ 2<drc<s

® 1<dPC<2

e dpC<1
EY

ememeE -

(Figure S10.1 and Table $10.1). More than 90% of the total surface
area was covered by at most 15% of the wetlands, indicating that
each flyway consisted of smaller wetlands for the greater part and
few disproportionately large wetland areas (Table $10.1). In the EMF
and WMF, the contribution of the 10 top-ranked wetlands to the
overall connectivity was more evenly distributed than in the EAF
and CMF, where fewer wetlands contributed dominantly to con-
nectivity (Figure 4, Figure 510.1). The Danube Delta was the most
important wetland area in both the CMF and the EMF. Lake Chad
was one of the top three most important wetlands in the WMF as
well as the CMF (Table S9.1). The rankings of the wetlands according
to their importance for flyway connectivity were highly consistent

for hoppers and jumpers, especially for the higher ranked wetlands.

3.4 | Which aspect of connectivity matters most?
For nearly all wetlands, dPCflux, which captures the direct move-
ment to other wetlands, accounted for more than 90% of a wetland's

relative importance for flyway connectivity (Figure 4). In contrast,

Esri country outlines (2020)

FIGURE 3 Map visualizing the relative importance of wetlands (circles) for connectivity in the four Palearctic-Afrotropical flyways,
presented in different colours: the EAF in blue, the WMF in yellow, the CMF in green and the EMF in grey. The larger the circle, the more
important a wetland is for connectivity within the flyway, based on its dPC-value (inset legend). Only wetlands that together account for at
least 90% of overall network connectivity are indicated: 69 wetlands for the EAF, 272 for the WMF, 143 for the CMF and 126 for the EMF.
Wetlands in the zones of overlap between the EAF and the WMF (blue), the WMF and the CMF (yellow), and the CMF and the EMF (green)
are included in both flyways. Important wetlands are listed along with their protection status in Table $9.1. The datum used for mapping is

the World Geodetic System 84 with a Mollweide equal area projection
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FIGURE 4 Contribution of different connectivity fractions to the importance of wetlands for overall functional connectivity of Palearctic-
Afrotropical flyway networks, for two different migratory strategies (hoppers and jumpers) and two different network types (all wetlands
and protected wetlands only). For the 25 most important wetlands according to the rank of their relative importance value for connectivity
for hoppers, the contribution of dPCintra (bottom dark grey bars) and dPCflux (top blank and coloured bars) to the relative node importance
(dPC) value is shown, with dPCintra + dPCflux = dPC, since dPCconnector is equal to zero for all wetlands. Together, these 25 wetlands
account for 46%-81% (all wetlands) or 58%-92% (protected wetlands only) of overall flyway connectivity. Flyways are displayed in different
colours, when all wetlands are included (left panels, lighter shades), or when only wetlands with a protected status according to IUCN are
included (right panels, darker shades). Values for hoppers and jumpers are represented with blank and filled bars respectively. In each panel,
the dark grey bars indicate the contribution of the dPCintra fraction to the dPC-value for each wetland, which differed between hoppers and
jumpers. The surface area of each wetland is indicated with a filled circle (note the separate y-axis and units, km?). For both graphs of each
flyway, the limits of the y-axes of relative importance values (dPC) are identical for analyses including all wetlands and protected wetlands to

improve comparability

the component that indicates the value of wetlands as connecting
elements between a pair of other wetlands (dPCconnector) was
zero or negligibly small. The contribution of the potential move-
ment within patches (dPCintra) was at most 39%-50% for hoppers
and 16%-27% for jumpers in the different flyways. Apart from five
to six top-ranked wetlands in each flyway, where surface area also
plays a prominent role, a wetland's position for facilitating migration
through the network was the best indicator for a wetland's impact

on connectivity (Figure S11.1).

3.5 | Whatis the impact of losing unprotected
wetlands on flyway connectivity?

When comparing the overall connectivity (EC,) of flyways in which
only legally protected wetlands were included instead of all wet-
lands, the decrease in overall connectivity was largest in the EMF
(70%) and EAF (68%), and smaller in the WMF (46%) and CMF (39%)
(Figure 2, Table S3.1). Excluding unprotected wetlands reduced the
number of wetlands in each flyway by at least 50% and drastically
reduced the total wetland area, with a slight increase in the average
wetland size (Figure 2, Table $3.1). While in the WMF and CMF pro-
tected wetlands covered nearly half of the total surface area (43%
and 54% respectively), the contribution of unprotected wetlands in
terms of area was substantially higher in the EAF and EMF (more
than 23 000 and 29 000 km?® or 67 and 72% respectively).

For jumpers, the EC,-value was between 43% (EMF) and 46%
(CMF) lower than the summed wetland area and between 53%
(EMF) and 58% (WMF) for hoppers, indicating that, overall, wetlands
are interspersed with relatively large areas of unsuitable matrix in
flyway networks (Figure S6.1). When comparing the two different
migration strategies, decreases in overall connectivity were quite
similar in the EAF, that is, 67% for hoppers and 68% for jumpers.
However, for all three Black-Sea Mediterranean flyways - WMF,
CMF and EMF - the reduction in connectivity that resulted from re-
moving unprotected wetlands was 4%-6% stronger for jumpers than
for hoppers, but in absolute terms connectivity is still much higher
for jumpers than for hoppers. This suggests that longer distances

that are considered more challenging for migrants are more common

in the WMF, CMF and EMF, and that the removal of unprotected
wetlands leads to more and larger gaps in these flyways than in the
EAF network.

Highest dPC-values were observed in the EMF, with the top-
ranked wetland scoring 45, and whose removal from the network
would correspond to a 45% decrease in flyway connectivity. Largest
node importance values were accompanied by a relatively higher
importance of dPCintra, which contributed to the total dPC-value
for up to 48% for jumpers (EMF) and 76% for hoppers (EMF). In
contrast, for virtually all other wetlands, dPCflux was the most im-
portant component for connectivity, accounting for more than 90%
of the dPC-value. Lower ranked wetlands were of relatively similar
value for flyway connectivity, with dPC-values mostly lower than
5 (Figure 4, Figure S12.1). A map of the protected wetlands that
together account for 90% of flyway connectivity can be found in
Supplementary Information (Figure $13.1).

4 | DISCUSSION

For Palearctic-Afrotropical migratory waterbirds, stopover oppor-
tunities greatly affect the success of their seasonal journeys. We
reconstructed the wetland networks that support waterbird migra-
tion along four major flyways crossing two major biogeographic bar-
riers: the Mediterranean Sea and the Sahara Desert. The situation
was compared for two broad groups of waterbirds with contrast-
ing migratory strategies: short-distance hoppers and long-distance
jumpers. Consistent with our hypotheses, the functional connectiv-
ity of wetland networks was higher in the two peripheral (EAF, EMF)
than the two central (WMF, CMF) flyways. A limited number of wet-
lands seems to influence the overall connectivity disproportionally.
Overall, birds with a hopping migration strategy were more affected
by the poorer connectivity of the two central flyways than jumpers,
but differences were small. Reducing current networks by removing
wetlands that lack formal protection strongly reduced the potential
effectiveness of these networks for mediating bird migration, par-
ticularly in the flyways that originally had the highest connectivity
(the EAF and EMF), and more so for birds with a jumping migration
strategy.
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4.1 | Connectivity is highest in the EAF and EMF
Differences in connectivity between the four flyways can be attrib-
uted to the spatial distribution and surface area of wetlands in the
respective networks. In line with our expectations, connectivity in
the peripheral flyways was higher than in the central flyways. In the
WMF, connectivity was lowest and the total wetland area was small-
est, while the number of wetlands and inter-wetland distances were
largest. This suggests migration along the WMF depends on large
numbers of relatively small wetlands that are quite widely scattered.
In the EAF, coastal wetlands along the Atlantic coastline provide fre-
quent stopover opportunities. Such sites are much rarer at similar
latitudes in the central flyways across the Sahara Desert, where birds
need to travel longer stretches through unsuitable areas (Figure 1).
Similarly, in the EMF, the Nile River is a visual reference for orien-
tation and its associated floodplain wetlands provide a continuous
chain of stopovers spanning this dry region (Newton, 2008). In ad-
dition, both peripheral flyways include important narrow sea straits
and land bridges that minimize the crossing of the Mediterranean
Sea, such as the Strait of Gibraltar along the EAF and the Levant
along the EMF. This is especially helpful to larger birds such as storks
and many raptors that use thermal air columns for soaring, as there
are no favourable uplift conditions over the Mediterranean Sea in
spring and adequate wind support is necessary for taking advantage
of thermals over open water in autumn (Flack et al., 2016; Nourani
et al., 2021; Phipps et al., 2019). In a recent broad-scale analysis of
tracking data, European-African Passerine and near-Passerine popu-
lations could be subdivided in groups of migrants that either use the
eastern (here: EAF and WMF) or western (here: CMF and EMF) mi-
gration corridors (Briedis et al., 2020). Routes that fringe the Sahara
and those that cross it were not separated, yet it was suggested that
the central routes are less used. Our analyses confirm that, from the
perspective of connectivity, these central routes are indeed more
challenging, while the peripheral routes along the coast and the Nile
likely facilitate waterbird migration better.

4.2 | Better connectivity for jumpers than hoppers,
but similar ranking of wetlands

Connectivity was considerably higher for birds with a jumping migra-
tion strategy (+17%-31%) than for hoppers in all flyways. Jumpers
can travel longer distances in non-stop flight, as they invest in exten-
sive energy reserves (Piersma, 1987). In the Palearctic-Afrotropical
flyway networks, wetlands are at most 5000 km apart, which can
still be crossed by at least 1% of jumpers and 0.1% of hoppers in one
go (Figure S4.1). Hoppers are less likely to migrate larger distances
than jumpers, which translates into the observed lower flyway con-
nectivity. Practically, this can be explained by the fact that the con-
nectivity metric assigns higher probabilities to larger distances for
jumpers than for hoppers. However, the ranking of wetlands based
on their relative importance (dPC-value) for hoppers and jumpers
was similar, indicating that both benefit from the same wetlands.

Based on observed flight distances of hopping and jumping species,
we included two extreme migration strategies, so the value of wet-
lands in the four flyways can be generalized for birds with a broad
range of migration capacities - with the reservation that actual wet-
land use is still constrained by local habitat conditions and habitat
preferences (Paracuellos, 2006).

As hoppers need more frequent stopovers, we expected the dif-
ference in connectivity between the central and peripheral routes
to be more distinct for hoppers than for jumpers. Travelling via the
coastal EAF was indeed relatively more advantageous for hoppers
than for jumpers in terms of functional connectivity when com-
pared to the other three flyways. For the EMF, however, connec-
tivity metrics did not support the idea that flyway structure would
facilitate migrating through the central part of the Sahara Desert
more for jumpers than for hoppers. It also seems that, despite the
presence of the Nile River and its associated wetlands, the coastal
route is still superior to the EMF in terms of flyway connectivity.
The size - as a possible proxy for resources - and position of wet-
lands in the northern (European) and southern (Sahelian) parts of
the WMF and CMF likely compensate for the absence of wetlands
at Saharan latitudes to support overall connectivity of the central
trans-Saharan flyways. Since birds with different flight abilities
rely on the same stopovers but not every flyway is equally suit-
able for different populations. Therefore, these findings may help
to prioritize habitat conservation in regions where stopovers are
crucial for successful migratory journeys of multiple populations. In
those sites that are important to support the connectivity of their
flyways, more specific targets for management can be formulated
which integrate the ecological requirements of migratory birds re-
lying on these wetlands.

4.3 | Most connectivity is supported by few
large wetlands

In each flyway, a small number of one to six top-ranked wetlands
accounted for most of the total network area and connectivity.
Wetland area and the population size supported by a site are widely
accepted criteria for directing conservation efforts, and thus patch
size is taken up as a central determinant of connectivity in the PC
index (Saura & Pascual-Hortal, 2007).

The highest ranked wetlands were among the largest within each
flyway, but not exclusively so. Facilitating the direct movement of
migrants between wetlands (dPCflux) was by far the most import-
ant contribution of nearly all wetlands to flyway connectivity (>90%
of dPC). This reflects the importance of wetland configuration for
migratory populations (Dhanjal-Adams et al., 2017; Taylor & Norris,
2010). Exceptions were some of the larger top-ranked wetlands (dPC
>8), where a wetland's value for supporting connectivity was de-
termined for up to 41% by its size (dPCintra). As hoppers are more
restricted to fly from one wetland to another, dPCflux fractions were
smaller, resulting in a larger influence of wetland size on connectivity

for hoppers than for jumpers.
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None of the wetlands in the four flyways was absolutely crucial
to maintain connectivity between distant wetlands, as the connec-
tivity fraction that traces steppingstones (dPCconnector) was equal
to zero for all wetlands. This indicates that the disappearance or
degradation of individual wetlands will not inhibit migration alto-
gether, but will erode the overall ability of the network to facilitate
functional flyway connectivity. A similar pattern of negligible dPC-
connector fractions was observed in another study on an East-Asian
- Australasian flyway for migratory waterfowl (Xu et al., 2019). The
fact that no wetlands could be considered steppingstones, more
narrowly defined as indispensable nodes, does however not imply
that suitable stopovers are lacking from the flyway. According to
the connectivity model, there is no mathematical need for migratory
birds to make intermediate stops along the way, as they are able to
fly long distances in one go. Instead, patches contribute to overall
connectivity by facilitating direct movement between wetlands, as
evidenced by high dPCflux-values. In the case of migratory birds,
the dPCflux fraction can thus be used to identify important stop-
overs. For birds flying smaller distances or in networks where iso-
lated patches are much more interspersed, moving between any two
patches would be harder, with rather low probabilities assigned to
links in the network. This would give rise to relatively lower dPCflux
and larger dPCconnector fractions for some steppingstones that link
sites between which a direct connection is not possible.

Dhanjal-Adams and coworkers (2017) suggested that the migratory
flow of different wader species through the East-Asia - Australasia fly-
ways could be affected by the loss of smaller wetlands. In that study,
the ranking of wetlands according to maximum populations counts was
compared to rankings based on a maximum flow model, that was cal-
ibrated with flight distance distributions derived from tracking data.
For a number of sites, there was a discrepancy between both rankings:
when accounting for the extent to which wetlands supported the flow
or movement of the population, several wetlands that hosted fewer in-
dividuals were more important for connectivity than sites with a larger
bird population (Dhanjal-Adams et al., 2017).

In our study, some of the wetlands were included in different
flyways. When such wetlands were important for one flyway, this
generally was also the case for the other. This suggests that these
areas are not just important in their own right but could also act
as junctions between flyways, particularly for migratory populations
that use multiple flyways throughout their lifetime (Madsen et al.,
2014). They might be hubs from which different trajectories could

be selected by migrants depending on different cues.

4.4 | Functional flyway connectivity is jeopardized
when unprotected wetlands are lost

When wetlands without formal protection were removed from the
analyses - as a rough and conservative proxy for discarding wet-
lands in an unfavourable condition or at increased risk of degrada-
tion - connectivity plummeted. The two peripheral flyways that
originally had the highest connectivity, the EAF and EMF, suffered
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the largest losses in overall connectivity (>63%). In the EMF, the
number of wetlands was reduced by more than 85%. Smaller wet-
lands were more frequently discarded from flyways, because larger
wetland areas were more often formally protected. Many of the
wetlands with the most prominent roles in supporting overall flyway
connectivity are at least to some extent protected by one or multiple
conservation systems, such as the European Natura 2000 legislation
or Ramsar, which acts worldwide (Table $9.1). European Union terri-
tory covers 23 (EAF), 40% (WMF), 26% (CMF) and 10% (EMF) of the
total wetland area of the flyways. However, some of the most impor-
tant European wetlands indicated by our analyses lack any protec-
tion, such as the Pagasitic Gulf (Greece, CMF), or are only partially
protected (Albufeira do Alqueva (Portugal), EAF; Dniester Estuary
(Ukraine), CMF). Many (coastal) wetlands in the Mediterranean
Region are not designated as Ramsar sites at all, even though they
host different waterbird species of conservation concern and/or a
substantial population of wintering waterbirds (Popoff et al., 2021).
It is striking that important gaps exist in protected areas, both when
sites are prioritized for maintaining flyway connectivity as well as
when they are listed because of the waterbird populations they
harbour.

Because more than half of the wetlands were at risk of being
lost in each flyway, many connections disappeared as well, resulting
in overall larger inter-wetland distances in the protected flyways.
Extended gaps led to a simulated loss of connectivity that was up
to ten percent more severe for jumpers than for hoppers. This can
be explained by the negative exponential distribution that is used
to assign probabilities to distances, which declines more steeply
at higher than at lower probabilities (Figure S4.1; Saura & Pascual-
Hortal, 2007). The chances of moving between wetlands therefore
dropped to a larger extent for jumpers than for hoppers, although
jumpers travelled more easily through the network in absolute
terms. In reality, hoppers visit more intermediate stopovers, but be-
cause of this, they can also compensate more easily for losses at a
single stopover than jumpers. So, even though jumpers are at an
advantage for reaching distant wetlands because of their flight abil-
ities, they are more at risk when the few areas they rely on are de-
graded or in suboptimal condition (Both et al., 2010; Pakanen et al.,
2018; Warnock, 2010).

4.5 | Study limitations

The strength of the connectivity metrics applied here is that migra-
tion can be modelled at population level without the need for data-
intensive estimates of individual birds’ trajectories (Zetterberg et al.,
2010) - which are lacking for most species. By including the com-
plete wetland cover of the flyways we could identify the functional
connectivity of different routes facilitating waterbird migration,
without predetermined limitations on flight trajectories - which are
quite dynamic and may vary between different seasons and years
(Flack et al., 2016; La Sorte & Fink, 2017; Trierweiler et al., 2014).
A downside is that, like in most models, optimal circumstances for
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migration are assumed. Birds fly according to their theoretical or ob-
served limits (Laita et al., 2011), while in reality adverse conditions
en route such as bad weather or human disturbance can affect the
birds’ migratory performance (Grénroos et al., 2012; Koch & Paton,
2014; Palacin et al., 2017). Also, wetland patches are considered
to consist entirely of suitable habitat that is predictably available
during migration seasons. Seasonal or ephemeral wetlands were
not included in our study. Such temporary wetlands may however
be valuable for migratory waterbirds, but their interannual impor-
tance is less predictable. In addition, the actual state of wetlands is
often unknown, some important wetlands are not legally protected,
and adequate enforcement and monitoring is lacking in many pro-
tected wetlands (Keeley et al., 2021; Popoff et al., 2021). We know
Palearctic-Afrotropical migratory bird populations are decreasing,
especially within the Black Sea-Mediterranean flyway (Boere &
Stroud, 2006; Vickery et al., 2014) and that natural wetland loss is
alarmingly accelerating, amongst others due to effects of climate
change and human hydrological engineering (Ramsar Convention on
Wetlands, 2018). Our analysis shows which flyways may be most
vulnerable, but we do not know how much additional habitat and
connectivity we can afford to lose before the migration system

would functionally collapse.

4.6 | Opportunities for future studies

The recent availability of high-resolution wetland data has enabled
researchers to map and model migratory networks at an unprec-
edented resolution. This study shows the potential insights that
can be generated from such bottom-up reconstructions that start
from habitat availability, while also accounting differences in migra-
tion strategies. At the same time, much progress has been made in
tracking actual migratory movements of birds, looking at the habi-
tats used by a limited set of individual birds but neglecting the full
availability of different habitat types in the landscape. In the future,
it would be valuable to merge both perspectives and couple actual
migration patterns with a thorough analysis of the network structure
of flyways based on habitat that is used such as wetlands (Briedis
et al., 2020; Dhanjal-Adams et al., 2017). For instance, we may
evaluate whether there is a match between the migratory strategy
adopted by a population and its preferred flyway, based on the spa-
tial configuration of the wetland network. Connectivity assessments
can be a practical tool for conservation planners (Foltéte et al., 2014;
Zetterberg et al., 2010) to help determine where efforts are needed
to create wetlands or improve the ecological conditions of existing
wetlands. It will also be interesting to incorporate additional levels
of complexity in connectivity models, such as the bio-energetic
constraints of refuelling and energy expenditure during flights, and
more specific habitat requirements. This way, wetland protection
for migratory birds can become more targeted by incorporating the
needs of waterbird populations with different ecological require-

ments and migration strategies.
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