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Abstract 62 

1. Migratory birds depend on a suite of sites across their annual cycles, making them vulnerable to a wide 63 

variety of anthropogenic pressures. Current area-based conservation measures have been found 64 

inadequate to safeguard migratory birds, in part due to a lack of consideration for the connectivity 65 

between sites mediated by the movements of individuals.  66 

2. To address this issue, we develop a network analysis integrating different types of individual movement 67 

data for a migratory shorebird, the Black-tailed Godwit (Limosa limosa), across the East Atlantic Flyway. 68 

Leveraging metal-ring recoveries, colour-ring re-sightings, and satellite tracking from over 10,000 69 

individual godwits, we quantify variation in connectivity between sites across the migratory range, using 70 

two weighted metrics to address sampling biases. 71 

3. Colour-ring re-sightings provided the largest number of sites (70%) and links (60% for November–May, 72 

and 43% for June–October) overall, followed by tracking data (50% of sites, 49% and 63% of links per 73 

season) and ring recoveries (25% of sites, <1% of links per season), with clear regional variation in 74 

datatype contributions. Sampling completeness of the network structure varied with longitude, with 75 

information particularly lacking in central-eastern countries of both Europe and Africa. 76 

4. We identified 49 sites playing a disproportionate role in the site network, each with direct connections to 77 

48 (interquartile range 32-84) other sites, on average. Just 23 (47%) top sites are formally recognized for 78 

their international importance for Black-tailed Godwits and 33 (67%) were robust to sampling 79 



incompleteness. Across all 1058 sites, 20% lacked protected area coverage, and per site, 44% (44% +/- SD) 80 

of bird relocations fell within protected areas. 81 

5. Integrating multiple sources of data improved geographical coverage and completeness of the site 82 

network, allowing us to quantify the importance of sites in terms of connectivity across the flyway. Our 83 

results highlight shortcomings of existing area-based conservation measures and add value to ongoing 84 

efforts to identify important sites for migratory birds. 85 

6. Policy implications: The increasing availability of individual movement data provides valuable 86 

opportunities to reveal the inter-dependence of sites used by migratory species, which can help identify 87 

priority areas and facilitate flyway-scale management. 88 
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Introduction 94 

Migratory birds move between disjunct habitats to meet seasonal demands, connecting numerous 95 

places. This dependence on multiple locations complicates the effective conservation of migratory 96 

birds, as the various locations used across the year often fall under varying legal frameworks and 97 

management regimes (DeLuca et al., 2023; Martin et al., 2007). The first UN report on the State of 98 

the World’s Migratory Species describes a dire situation (UNEP-WCMC, 2024), with population 99 

declines in 44% of migratory species due to unmitigated threats occurring in some parts of their 100 

ranges (Bairlein, 2016; Erickson et al., 2018). 101 

Area-based conservation measures (e.g., protected areas) are one of the main tools for maintaining 102 

and restoring biodiversity (Le Saout et al., 2013). Global coverage of protected areas is, however, 103 

insufficient for conserving populations of migratory birds (Runge et al., 2015). For protected area 104 



networks to be effective for migratory species, there must be explicit consideration made for the 105 

functional linkages existing between sites used at different times of the year (DeLuca et al., 2023; 106 

Erickson et al., 2018). Important sites for biodiversity, such as the Ramsar Convention’s Wetlands of 107 

International Importance or Important Bird and Biodiversity Areas (IBAs), are often used to inform 108 

protected area designation (Donald et al., 2019). These frameworks use either qualitative or 109 

quantitative criteria to assess the site’s contribution to the persistence of a species or ecosystem 110 

(IUCN, 2016). Most site-based conservation frameworks consider only the standalone importance of 111 

a site, e.g., number of individuals found there (Donald et al., 2019). Assessing sites in isolation, 112 

however, ignores the role of a given area within the network of sites used by a mobile population 113 

(Navedo and Piersma, 2023; Nightingale et al., 2023; Xu et al., 2022). 114 

During migration, individuals visit specific sites for breeding, refuelling, moulting, or over-wintering 115 

(Alerstam, 1993), forming a web of connections often referred to as the ‘migratory site network’ (Xu 116 

et al., 2022). The importance of maintaining connectivity between sites across the annual cycle for 117 

migratory species has long been recognized (Sutherland, 1997). However, despite most nations 118 

committing to deliver ‘ecological connectivity’ (the ‘connection of habitats without hindrance’; 119 

UNEP-CMS, 2024), under multilateral environmental agreements like the Convention on Migratory 120 

Species, formal mechanisms for identifying important sites in terms of connectivity are lacking (Xu et 121 

al., 2022). To begin filling this gap, tools are urgently needed for characterizing site-level connectivity 122 

across the annual cycle of migratory species. 123 

Network analysis, a graph-theoretical approach for representing complex systems of interactions, 124 

provides a useful framework for quantifying site connectivity (Jacoby and Freeman, 2016). In this 125 

context, a migratory site network is composed of sites (or ‘nodes’) connected via links (or ‘edges’) 126 

formed by the movements of individuals. A series of ‘centrality’ metrics can be derived to quantify 127 

the contribution of each site to the network structure (Rayfield et al., 2011).  128 



Methods to characterize site networks based on animal movement fall into two main categories: 129 

empirical (or ‘functional’) and modelled (or ‘potential’) connectivity (Rayfield et al., 2011). 130 

Empirically derived connectivity infers site use and linkage from data on presence and movement, 131 

respectively (e.g., observed relocations of a marked individual at different sites; Martín-Vélez et al., 132 

2020; Nightingale et al., 2023). In lieu of observational data, models have been used to estimate the 133 

probability of movement between sites, relying on various behavioural assumptions (e.g., migratory 134 

step distances; Xu et al., 2020), or expert opinion (Iwamura et al., 2013).  135 

Migratory site networks based on modelled movements have been used to identify important sites 136 

for waterfowl and assess their spatial coverage by protected areas (Deboelpaep et al., 2022; Xu et 137 

al., 2020). Yet, it remains unclear whether network approaches based on empirical movement data 138 

are feasible at the flyway scale (but see Lamb et al., 2024), which may be an important step for 139 

achieving formal incorporation of connectivity metrics into important site assessments for migratory 140 

species (Davidson et al., 1999). 141 

Over the centuries, numerous techniques have been developed to study the patterns and processes 142 

of avian migration (Bairlein, 2003). For determining site-level connectivity, techniques providing 143 

spatiotemporal histories of individuals are essential. Individual marking with rings (or ‘bands’) has 144 

long been used to recognize re-encountered individuals and infer movement behaviour, with over 145 

100 million birds ringed in Europe alone since the 19th century (Thorup et al., 2014). In recent 146 

decades, tracking technologies have led to innumerous discoveries regarding avian migration (Bridge 147 

et al., 2011), and proved useful for describing site connectivity at both local (Martín-Vélez et al., 148 

2020) and continental scales (Lamb et al., 2024). Integrating tracking data and ring re-observation 149 

data can improve inference of migratory patterns (Korner-Nievergelt et al., 2017), however this has 150 

yet to be applied to characterizing migratory site networks for migratory birds.  151 

Here, we quantify site-level connectivity based on empirical evidence of individual-level movements 152 

of a migratory shorebird, the Black-tailed Godwit (Limosa limosa; hereafter, godwit), within the East 153 



Atlantic Flyway, connecting western Europe and Africa. First, we assess the contributions of multiple 154 

sources of movement data to characterising the site network, leveraging metal-ring recoveries, 155 

colour-ring re-sightings, and tracking data, and then evaluate geographic variation in sampling 156 

completeness throughout the flyway. Next, we use the resulting networks to highlight sites of 157 

particular importance for godwits, in terms of connectivity. Finally, we evaluate protected area 158 

coverage of the site network and identify whether the most highly connected sites are formally 159 

recognized as important sites for the species. Overall, we aimed to assess the value of existing 160 

empirical movement data for identifying important connectivity sites for migratory species and 161 

thereby contributing to conservation policy and practice. 162 

Materials and methods 163 

Study species and populations 164 

The Black-tailed Godwit is a medium-sized shorebird which breeds in wet grasslands from Northwest 165 

Europe to Northeast Asia (Zhu et al., 2021) and is considered Near-Threatened, due to ongoing 166 

population declines in parts of the flyway (BirdLife International, 2017). Here, we focused on the 167 

godwit populations within the East Atlantic Flyway. Godwits in this flyway are of three different 168 

populations with two subspecies, Icelandic breeders (L. l. islandica), western continental breeders (L. 169 

l. limosa; from Germany west) and eastern continental breeders (L. l. limosa; east of Germany). 170 

International coordination of conservation action for these three populations is covered in a Single 171 

Species Action Plan under the African-Eurasian Waterbird Agreement (Jensen et al., 2008). For the 172 

analysis, we treat these three populations together to provide a flyway-level perspective. 173 

Movement data  174 

We aimed to establish site-level connectivity via empirical evidence of individual movements. To 175 

maximize available information on godwit movements, we used data from three individual marking 176 

methods: metal-ring recoveries, colour-ring re-sightings, and satellite tracking (i.e., Platform 177 



Transmitter Terminal [PTTs] and Global Positioning System transmitters [GPS]). Metal ring recoveries 178 

were acquired from the EURING Data Bank (Accessed June 6, 2022, du Feu et al., 2016), and colour-179 

ring re-sightings and electronic tracking data directly from project coordinators (Table S1, Fig. S1). 180 

Data preparation, combination, and filtering 181 

To prepare the three datatypes for integration, we applied several filters. First, due to an apparent 182 

peak in the histograms of maximum displacement distribution across individuals, we removed 183 

individuals only recorded as travelling < 50 km from the initial marking location to reduce spatial bias 184 

Fig. S2). 185 

Recoveries and re-sightings 186 

Observations from the EURING data bank represent any observation of a ringed bird, living or dead. 187 

We obtained observations from 1980 to 2022, to which we applied a series of filters to retain 188 

observations of birds that were either caught, re-sighted in the field, or shot during hunting. Re-189 

sightings of colour-marked godwits are further managed by scheme co-ordinators; we were able to 190 

collate data from 14 colour-mark schemes marking godwits in 9 countries (Table S1, Fig. S1). We 191 

excluded all observations in the EURING data also found in the colour-mark databases. 192 

Tracking data 193 

For tracking data, we excluded class ‘Z’ locations (PTT only) and applied a ground speed filter to 194 

remove unrealistic locations (PTT and GPS), with the maximum threshold set at 145 km/h (Senner et 195 

al., 2018). To reduce the influence of variation in sampling interval across individuals we regularized 196 

the tracking data to match the highest minimum interval across individuals of 6 h (Table S2), and 197 

tested the sensitivity of our results to this parameter (Supplementary Methods 1, Table S3, Fig. S3). 198 

Next, we identified and retained only periods of stationarity, defined as intervals of >=24 h within a 199 

site (see Site Definition sub-section below). 200 

Data analysis 201 



Network analysis 202 

To quantify connectivity, we used network analysis, in which a ‘network’ is a mathematical 203 

representation of a system, composed of stationary nodes potentially connected via links (or ‘edges’; 204 

Jacoby and Freeman, 2016). We built unipartite, weighted, and directed networks to represent sites 205 

used by godwits and connected via their movements with the R package sfnetworks (Meer et al., 206 

2023). 207 

Defining sites and links 208 

An important step in constructing migratory site networks is defining what constitutes a site (i.e., 209 

nodes in the network). We used Important Bird and Biodiversity Areas (hereafter ‘IBAs’) as our initial 210 

layer of potential sites (BirdLife International, 2022), as this allowed us to directly relate bird 211 

locations to specific, management relevant locations in the landscape. We then assigned bird 212 

relocations to an IBA if they fell inside or within 10 km of a site and tested the sensitivity of our 213 

results to this threshold (Table S3, Fig. S3). Relocations falling outside IBA buffers were assigned to a 214 

hexagonal grid cell of average cell-centre distance of 10 km. Adjacent hexcells with godwit 215 

relocations were then aggregated to form new, ‘non-IBA’ sites. To identify broad-scale spatial 216 

patterns in the contribution of each datatype (i.e., metal-ring recoveries, colour-ring re-sightings, 217 

and tracking) from West Africa to Northern Europe, sites were grouped into four latitudinal bands 218 

evenly spaced by 15° , based on location (<23°N, 23°N–38°N, 38°N–53N °, >53°N). 219 

Links between sites were defined based on sequential relocations of an individual occurring within 220 

20 days of a previous record (Fig. S4). This threshold was selected to represent ‘directed’, short-term 221 

movements as closely as possible while maximizing the inclusion of ring-based re-observations, 222 

which vary more widely in temporal resolution than tracking (Fig. S4). Alternative temporal 223 

thresholds were tested (5, 10, 15 and 25 days), and had little effect on the results (Table S3, Fig. S3). 224 

Season definition 225 



As the movement routes of migratory species often vary across seasons, we defined networks 226 

separately for two periods. The ‘post-breeding’ period was defined as June‒October, to capture the 227 

period during which godwits end breeding and travel south, and the ‘pre-breeding’ period was 228 

defined as November– May, to encompass the entire period of northward movements (Verhoeven 229 

et al., 2021). 230 

Connectivity metrics 231 

To assess the relative importance of sites in terms of connectivity, we used two classical centrality 232 

metrics from network analysis: in-strength and weighted betweenness. In-strength is the weighted 233 

version of the in-degree, i.e., the number of links into a site (Rayfield et al., 2011), calculated by 234 

summing the weights (see below) of links directed into a site. In-strength thereby provides a 235 

measure of the importance of a site as an ‘arrival hub’. The betweenness is the number of shortest 236 

paths passing through a focal site. When links are weighted, the ‘distance’ between sites is a 237 

determined by link weight, with shortest paths calculated using the Dijsktra algorithm (Opsahl et al., 238 

2010). Weighted betweenness measures how much a site acts as a ‘steppingstone’ between sub-239 

sections of the network, considering the strength of connection between sites (Rayfield et al., 2011). 240 

Link weights 241 

Link weights were set to represent the strength of connection between two sites in terms of the 242 

number of birds observed forming the link: 243 

wi = (ri + ti)/2 244 

Where the weight w of link i represents the mean of the ring-based weight (ri: the sampling-effort 245 

adjusted (see below) proportion of all individuals observed from rings forming the link) and the 246 

tracking-based weight (ti: the proportion of all tracked individuals observed forming the link). As the 247 

total number of birds relocated from ringing and tracking differ, each datatype-specific weight was 248 

re-scaled by dividing by their maximum values (i.e., max[ri], max[ti]). For links identified from only 249 



one or the other datatype, the available datatype was used alone to set the link weight. As metal-250 

ring recovery data contribute relatively little data on links (<1%, Table 1, Fig. S4), we opted to 251 

combine these data with colour-ring re-sightings for this step. 252 

The detection probability of a ringed bird varies spatially, due in part to variation in observer effort 253 

(Thorup et al., 2014). To account for this, we adjusted ring-based link weights (ri) based on the 254 

estimated degree of observer effort in each country, where links formed from observations in less 255 

sampled countries were up-weighted, and those from highly sampled countries down-weighted 256 

(Supplementary Methods 2; Fig. S5, Table S4). 257 

Sampling curve analysis of network structure 258 

To assess spatial patterns in the sampling completeness of network elements (i.e., sites and links) 259 

across the flyway, we used a randomized sampling curve analysis (Supplementary Methods 3). For 260 

each country in the network with at least 15 unique bird-site observations (N = 26), we drew random 261 

samples of a progressively increasing number of observations and counted the number of sites and 262 

links they contributed for that country, independent of season. We repeated this procedure 1000 263 

times and then plotted the curve formed between sample size (N observations) and network 264 

elements (N sites or N links). We then fitted a linear model between the number of network 265 

elements identified and the sample sizes at the top of each curve (i.e., the five highest sample sizes). 266 

We took the slope of each country-model to indicate the amount of information added by additional 267 

sampling in that country, i.e., the number of sites or links identified per bird-site observation, after 268 

considering all sampling effort. As with classic species-sampling curves, we expect the slope to be 269 

steep at low sampling levels and slow as sampling increases, when only rarely used sites or links are 270 

observed (Bunge and Fitzpatrick, 1993). Finally we fitted linear models between country-curve 271 

slopes and the latitude and longitude of country centroids respectively to identify spatial patterns. 272 

Bootstrapping and top connectivity sites 273 



To reduce the effect of sampling bias and quantify uncertainty of the network metric estimates, we 274 

utilized a bootstrapping approach to construct networks. Across 7500 iterations, we drew samples 275 

(with replacement) of 10,269 (pre-breeding) and 9274 (post-breeding) birds and re-constructed the 276 

network. As the deployment of tracking devices is spatially uneven (Fig. S1), we drew equal-sized 277 

samples from different countries to equalize their influence on the network (Supplementary 278 

Methods 4). In each iteration, we calculated the in-strength and weighted betweenness for each 279 

site. We then calculated the bootstrap median of in-strength and weighted betweenness and ranked 280 

each site. We next identified the ‘top sites’ using a percentile threshold of the bootstrap metric 281 

value across all sites, determined by plotting the bootstrap metric value against site rank and 282 

identifying an inflection point in the curve (Xu et al., 2020). Finally, we determined the stability of 283 

top site designation as whether the interquartile range (IQR) of the site’s metric value was above the 284 

cut-off threshold value (as defined above). 285 

Protected area coverage and IBA congruency 286 

We overlaid all sites, irrespective of season, on the aggregated polygons of the World Database on 287 

Protected Areas (www.protectedplanet.net, download date: October 2022) to calculate the 288 

proportion of godwit sites covered by protected areas (excluding UN Biosphere reserves), and the 289 

percentage of relocations associated with a site falling within protected areas. Finally, we assessed 290 

the number of top sites that are IBAs with (1) godwits or (2) ‘waterbirds’ in general as the trigger 291 

taxa (i.e., those which meet thresholds of importance and therefore contribute to the sites 292 

qualification), and (3) sites not recognized as IBAs (BirdLife International, 2022). 293 

Results 294 

Seasonal networks and datatype contributions 295 



In total, we collated data from 29,997 individual birds from 1980 to 2023. After filtering, 10,701 birds 296 

remained, contributing a total of 434,996 observations (Table 1), 89% of which were collected from 297 

2010 to 2023 (Fig. S6). 298 

Across the three datatypes, 10,269 and 9274 individual birds contributed information to identify 299 

sites during the pre-breeding (November–May) and post-breeding (June–October) periods, 300 

respectively (Table 1). We identified 1058 sites used by godwits, of which 803 were used during pre-301 

breeding and 734 during post-breeding (Fig. 1A). Overall, re-sightings of colour-marked birds 302 

contributed the largest number of sites (70%), followed by tracking (50%) and metal ring recoveries 303 

(25%; Fig. 1B). There was a clear latitudinal pattern in the relative contribution of each datatype, 304 

with colour-ring re-sightings contributing more site information in the north of the range (>38°N) 305 

and tracking being the predominant source in the south (<38°N; Fig. 1C). 306 

Direct link information (i.e., subsequent relocations at separate sites within 20 days) was contributed 307 

by 8742 birds during pre-breeding and 6088 birds during post-breeding (Table 1), resulting in 2695 308 

unique links between sites during pre-breeding and 2015 unique links during post-breeding (Fig. 2). 309 

Colour-ring re-sightings contributed the highest number of links during pre-breeding (60%), followed 310 

by tracking (49%) and metal-ring recoveries (0.6%). During post-breeding, tracking contributed the 311 

most link information (63%), followed by re-sightings (43%) and recoveries (0.4%; Fig. 2). Each site 312 

was directly linked to a median of 2 (min=0, max=181) other sites during pre-breeding and to 2 313 

(min=0, max=131) other sites during post-breeding. 314 

Sampling and network structure 315 

The slope of sampling curves of both sites and links increased with longitude, indicating a decline in 316 

sampling completeness from west to east (Fig. 3, Table S5). For sites, curve slopes were near zero 317 

(i.e., < 0.01 new sites are identified per observation) for 10 countries (39%; n=26; Fig. S7), while new 318 

link identification remained high for most countries (median slope: 0.41, range: 0.68 –1, Fig. S8). 319 

Across each seasonal network 30% and 27% of sites lacked direct link information, for pre-breeding 320 



and post-breeding, respectively, with countries sampled predominantly with ring-based data (re-321 

sightings and recoveries) having a higher percentage of disconnectedness (Fig. S9). 322 

Top connectivity sites 323 

We used the 97th percentile of the in-strength and weighted betweenness metrics as cut-offs to 324 

identify top connectivity sites, resulting in a total of 49 sites, 35 for pre-breeding and 32 for post-325 

breeding, with 18 being top sites in both seasons (Fig. 4, Table S3). We found 67% (33 of the 49) of 326 

top sites to be stable (i.e., the IQR of a site’s bootstrap centrality metric did not include the top site 327 

cut-off value), with 69% (24 of 35) and 75% (24 of 32) being stable for pre-breeding and post-328 

breeding respectively (Table S6). 329 

Top sites were in 12 different countries, from Guinea-Bissau in the south to Iceland in the north, led 330 

by the Netherlands (9), Senegal (7), and France (7). On average, top sites were directly linked to 48 331 

other sites (median, IQR 32–84), and 8 other countries (median, IQR 6–10), with three sites linked to 332 

>200 other sites: Guadalquivir marshes (Spain), Tagus estuary (Portugal) and Wonseradeel & 333 

Workum (Netherlands), and an additional six linked to >100 other sites (Table S6). Of all 49 top sites, 334 

9 (18%) are sites where birds have been tagged with tracking devices, 27 (55%) where birds have 335 

been ringed, and 22 (45%; mostly in Africa) are neither ringing nor deployment sites for tracking 336 

(Table S6). 337 

Protected area coverage and IBA status 338 

Considering all sites, 80% had some spatial overlap with protected areas (Fig. 5A) with a mean of 339 

44% (+/- SD 44%) of bird relocations falling within protected areas. Of the 49 top sites identified, 6 340 

(12%) had no spatial coverage by protected areas, 23 (47%) had godwits as a trigger species 341 

underlying their IBA status, a further 21 (43%) had ‘waterbirds’ listed as a trigger group, and 5 sites 342 

(10%) are not IBAs (Table S6). The five non-IBA sites were in the Inner Niger delta of Mali (1), the 343 



upper Senegal River basin of Senegal and Mauritania (2), southern Senegal (1) and Guinea-Bissau (1; 344 

Fig. 5B). 345 

The network perspective tool 346 

Our results are accessible in a Shiny app (https://bit.ly/3WOdinm) which facilitates viewing the 347 

connectivity of (1) a focal site, (2) all sites in a country, or (3) between a pair of countries (Fig. 6). 348 

Table 1 Summary of Black-tailed Godwit relocation data illustrating the number of individuals birds 349 

(N birds) and relocations (N points) for three different datatypes, before and after filtering. The data 350 

are further split to show the quantity of data available for identifying sites and links for each 351 

seasonal network after filtering. 352 

 pre-filter post-filter  sites links 

datatype N birds N points N birds N points season N birds N points N birds N points 

colour 14,117 281,729 9928 263,097 

Jun – Oct 7878 74,053 5604 65,169 

Nov – May 9318 188,603 8300 185,377 

metal 3922 14,227 1765 8147 

Jun – Oct 858 3465 507 2719 

Nov – May 1275 4673 1039 3471 

tracking 468 158,439 390 121,266 

Jun – Oct 370 59,138 355 58,894 

Nov – May 357 62,128 305 60,401 

total 29,997 481,803 10,270 261,867 

Jun – Oct 9274 139,980 6088 129,091 

Nov – May 10269 261,854 8742 255,247 

 353 

 354 

 355 

 356 

 357 



Fig. 1 Sites used by Black-tailed Godwits in the East Atlantic Flyway. Colours in each panel indicate 358 

the datatype(s) that identified a site. (A) Location of all 1058 sites. (B) The proportion of all sites 359 

identified by each datatype combination and (C) with sites grouped into equal-sized latitudinal 360 

bands. 361 
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Fig. 2 Links between sites used by Black-tailed Godwits during pre-breeding (November–May; left) 370 

and post-breeding (June– October; right). Each link signifies the sequential occurrence of ≥1 godwit 371 

at two sites within 20 days. Line colour indicates the datatype combination that identified the link. 372 

Inset pie charts show the proportion of links identified by each datatype; lines are plotted in order of 373 

most (bottom) to least (top) abundant datatype per season. 374 
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Fig. 3 Sampling completeness of sites (A) and links (B) as a function of geography. Randomized 382 

sampling curves were estimated for each country by iteratively re-drawing bird-observation samples 383 

of increasing size and counting the sites or links identified. The slope across the five-highest sample 384 

sizes was taken as a measure of sampling completeness, where a steep slope indicated rapid 385 

information gain (lower completeness) and a flat slope indicated high information redundancy (more 386 

complete). Lines (A, B) represent the predicted effect of linear models of country longitude 387 

(centroid) on sampling curve slope, and shaded areas indicate +/- 1 SE. The model prediction (A) was 388 

back-transformed from the square root scale. Right-hand panels show example curves of two 389 

countries with contrasting slopes in the western (Portugal) and eastern (Poland) part of the flyway, 390 

for sites (top two) and links (bottom two).391 

 392 



Fig. 4 Top connectivity sites during pre-breeding (November–May; A-D) and post-breeding (June–393 

October; E-H). Top sites identified using (A,E) in-strength (weighted sum of links directed into the 394 

site), and (C,G) weighted betweenness (number of shortest paths in the network passing through the 395 

focal site, where path lengths are the sum of link weights). (B,D,F,H) All sites ranked by network 396 

metrics against their bootstrap median metric value calculated across 1000 iterations of network 397 

construction; grey bars indicate the interquartile range. The dashed line indicates the threshold 398 

(97%), above which sites are considered top connectivity sites. 399 
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 401 



Fig. 5 Conservation designation of sites in the migratory site network of Black-tailed Godwits. (A) 402 

Spatial coverage by protected areas. (B) Recognition of top connectivity sites as Important Bird and 403 

Biodiversity Areas. Sites are classified as either Godwit IBAs (recognized as important for the species 404 

in particular), Waterbird IBAs (important for waterbirds generally), or non-IBAs. 405 
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Fig. 6 Examples of how parts of the Black-tailed Godwit migratory site network can be visualized 413 

from different perspectives. (A) Direct and indirect connectivity for a focal site (Tagus Estuary, 414 

Portugal). Direct links are subsequent relocations of an individual within 20 days, and indirect links 415 

include all places godwits observed in the Tagus were also recorded. (B) Direct connectivity into or 416 

out of all sites in Portugal during pre-breeding (November–May). (C) Direct links during pre-breeding 417 

between sites in two countries, Portugal and France. An interactive version of this figure and 418 

underlying tables can be found at https://bit.ly/3WOdinm 419 
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Discussion 426 

We characterized site networks for the seasonal migration of Black-tailed Godwits in the East 427 

Atlantic Flyway, using three sources of individual-level movement data (Fig. 1-2) mostly collected 428 

during the last decade. These data, and the extensive efforts behind their collection, allowed us to 429 

reveal links between sites across the entire flyway (Fig. 2). Our results indicate that although 430 

sampling of site-level connectivity for this species is still incomplete, particularly in the eastern part 431 

of the flyway (Fig. 3), it was possible to pinpoint a small number of sites that were especially 432 

important in the network (Fig. 4). Most of these sites appear robust to uncertainty related to 433 

sampling (Table S6) and several are not covered by existing area-based management measures (Fig. 434 

5). Such empirical demonstrations of site connectivity can facilitate integration of connectivity 435 

metrics in conservation processes and practice, and ultimately improve spatial protection for 436 

migratory species. 437 

Broader data input improves network 438 

We found clear regional variation in datatype contributions to the network structure, reflecting 439 

historical and geographical patterns of godwit research across the flyway (Fig. 1-2). Considerable 440 

effort has been put into all three sampling methods in the West European range of continental 441 

godwits (Kentie et al., 2016; Verhoeven et al., 2021), proportionally higher effort put into ring-based 442 

methods to study Icelandic godwits (Gunnarsson et al., 2005), and less overall investment in godwit 443 

research in eastern Europe and Africa. By integrating these efforts, we gained an improved picture of 444 

the network and the key sites within it. If we had solely based our analysis on tracking data, 504 sites 445 

(48%) and 2299 links (54%) would have been missed, principally in the UK, Ireland, and Iceland. 446 

Likewise, using solely colour-ring re-sightings would have excluded 368 sites (29%) and 2095 links 447 

(51%), particularly in West Africa. 448 

Simulations indicate that spatial heterogeneity in the sampling of a migratory population can impact 449 

inference of population-level connectivity (Vickers et al., 2021). Our sampling curves show that the 450 



structure of the network is better resolved in the west of the godwit range, with movement 451 

information lacking further east (Fig. 3). To ameliorate differences in sampling effort across 452 

countries, we adjusted the relative influence of links. This approach cannot account for the non-453 

detection of a site or link; however, it is unlikely that sites within the top 3% of either connectivity 454 

metric would be undetected. This is analogous to community richness sampling, in which the 455 

‘generalist core’ is identified first, followed by the ‘specialist tail’, which requires more sampling to 456 

resolve (Henriksen et al., 2019). Our estimates of the completeness of site and link identification per 457 

country could help identify priority areas for future movement sampling of godwits, e.g., in countries 458 

like Hungary or Poland (Fig. S7‒8; Loonstra et al., 2020). 459 

Our results show that it is feasible to characterize site networks at the flyway scale using empirical 460 

movement data. When possible, basing assessments of site importance on empirical data may be 461 

preferable to estimating connectivity based on e.g., dispersal distances, which risks overlooking 462 

population-specific connectivity patterns. Hybrid connectivity approaches, e.g., identifying sites from 463 

occurrence data and modelling potential links (Xu et al., 2020) are promising but largely untested. 464 

Direct comparisons between empirical and theoretical approaches could help determine the 465 

circumstances in which modelling of connectivity could be used when sufficient movement data are 466 

not yet available. 467 

Added value to important site identification 468 

Priority site standards are a common way in which areas are assessed for their ecological 469 

importance; however, assessments often only consider sites in isolation. For example, important 470 

sites for migratory waterbirds, such as the Ramsar Convention’s Wetlands of International 471 

Importance, are often identified based on standardized counts performed once a year, which may 472 

underestimate the importance of sites used outside the count period or with high bird turnover 473 

(Navedo and Piersma, 2023; Vervoort et al., 2022). Connectivity approaches such as ours provide a 474 

way of quantifying the importance of such sites across the full annual cycle. Indeed, of the 34 top 475 



connectivity sites we identified in countries where godwits spend the non-breeding season, 21 (62%) 476 

are either outside the top 34 sites in terms of the maximum number of godwits reported there at 477 

mid-winter counts performed since at least 1990, or lack count information entirely (Table S6, 478 

Wetlands International, 2023). 479 

The top sites we identified play a critical role in connecting the various locations godwits use 480 

throughout the annual cycle. Five sites identified in West Africa lack formal recognition of their 481 

importance for waterbirds, and a further 21 sites throughout the flyway are unrecognized as 482 

important to Black-tailed Godwits specifically (Table S6), suggesting our method adds value to 483 

existing efforts. Although the importance of areas in e.g., eastern Britain (for Icelandic godwits) or 484 

Guinea-Bissau (for continental godwits) has been previously described (Alves et al., 2012; Verhoeven 485 

et al., 2021), quantifying their key role in linking sites across the flyway (e.g., as widely-used hubs 486 

and/or steppingstone sites) represents novel insight only possible within a unified framework. 487 

A strength of our approach is that the site network can be readily disaggregated to answer questions 488 

about the relative (e.g., who are ‘we’ connected to?) importance of a particular site or region (e.g., 489 

Fig. 6A-B). Demonstrating the degree of connectivity of a site can be particularly helpful in the face 490 

of disruptive development. For example, data on the connectivity of birds using the Tagus Estuary 491 

provided crucial evidence of this site’s importance, leading to a re-evaluation of an airport 492 

development proposal (Alves and Dias, 2020; Nightingale et al., 2023). As continental godwit 493 

populations are in severe decline, any loss of key sites, such as the Tagus Estuary or the Guadalquivir 494 

marshes (Doñana), could cause cascading effects across the network, reducing the options available 495 

to the birds during the non-breeding period (Gill et al., 2007; Vansteelant, 2023). Site network 496 

analyses, such as ours, can be useful for evaluating scenarios of loss or degradation of sites due to 497 

sea-level rise, drought, or agricultural intensification (Iwamura et al., 2013), all of which are 498 

pervasive threats both for godwits and wetland biodiversity in general. 499 

Conclusions 500 



Integrating different sources of movement data, we evaluated and ranked site importance in terms 501 

of connectivity across the annual cycle of the Black-tailed Godwit. While many top connectivity sites 502 

are already recognized as important places for waterbirds, we identified several (mainly in West 503 

Africa) lacking recognition and any form of legal protection, highlighting the potential of our method 504 

to identify important sites missed by count-based methods. Our approach also extends previous 505 

efforts to characterize site networks for migratory birds by using empirical evidence of individual 506 

movements, rather than simulating bird behaviour from a restricted set of assumptions. As the 507 

recognition of ecological connectivity continues to grow in conservation policy and practice, robust 508 

methods to measure and compare it across regions and populations will become increasingly 509 

important. 510 
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