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Summary 

Migratory waterbirds connect distant regions through seasonal movements, forming migratory pathways or 

flyways, essen>al ecological units for conserva>on. However, human ac>vi>es and climate change threaten 

these flyways, underscoring the need for effec>ve monitoring. Current count-based monitoring schemes, 

while valuable, have limita>ons in coverage, resolu>on, and focus on pa%erns rather than popula>on 

processes. Electronic tracking devices collect and record posi>on data of individual birds, providing detailed 

informa>on on spa>al-temporal pa%erns of their movements. Therefore, an integra>on of tracking 

technologies into monitoring efforts would offer ways to enhance flyway monitoring, and with due 

governmental force, flyway conserva>on. This paper introduces such an integrated monitoring framework. 

We first outline the knowledge founda>ons and data types necessary for promo>ng an effec>ve flyway 

conserva>on. Then, with these in mind, and focusing on the poten>al added value of tracking data, we 

iden>fy the most outstanding limita>ons of count-based monitoring and introduce tracking technology as a 

method to tackle these limita>ons, using examples of tracking studies in the literature as evidence. We 

introduce a holis>c framework for integra>ng tracking data into count-based monitoring at flyway scales, in 

an eight-step roadmap: (1) Defining key stakeholder roles; (2) Selec>ng target species; (3) Choosing 

appropriate tracking technology; (4) Designing sampling strategies; (5) Determining tracking effort and 

dura>on; (6) Establishing governance structures; (7) Integra>ng tracking and count data; and (8) Transla>ng 

results into management and conserva>on ac>ons. While focusing on coastal waterbirds in the East Atlan>c 

Flyway, the concepts and framework are applicable to any migratory bird group and flyway. As a model for 

the implementa>on of such a framework, we work out an integrated waterbird monitoring proposal for the 

East Atlan>c Flyway, providing an exercise of selec>on of 11 priority species, and offering a flexible budge>ng 

example for 3 representa>ve species. Finally, ethical considera>ons are discussed, including the need for 

long-term commitments to financial and ins>tu>onal investments, carefully considera>on of target species to 

track and catching sites to avoid disturbance and nega>ve impacts of tracking devices, and awareness of the 

exis>ng regional inequity, inves>ng on long-term capacity building and promo>on of fair access to tracking 

technology and skills.
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1. Introduc9on 

Migratory waterbirds of all kinds connect far away regions of the globe by their seasonal movements 

between breeding and non-breeding ranges (van de Kam et al. 2004). By defining the overall 

boundaries of corridors used by different species and popula>ons, the concept of flyway was born as 

“ecological units” within which conserva>on, monitoring, and research endeavours have been 

organized (Boere et al. 2006, UNEP/CMS Secretariat 2009, Amano et al. 2010, van Roomen et al. 

2013a, 2022, Chan et al. 2019b, Li et al. 2019, Eren et al. 2024). In this way, bird movements not only 

link different regions of the world, but also the people therein, connec>ng different cultures, 

languages, and societal reali>es. 

The waterbirds of a flyway depend on networks of sites with different func>ons like breeding, 

foraging, moul>ng, fa%ening, emergency stop sites, social gathering, among others (van de Kam et al. 

2004, Newton 2007, Piersma 2007, Navedo & Piersma 2023). Therefore, the quality and conserva>on 

status of these sites will have a strong impact on the life cycle of these birds, directly affec>ng 

movement pa%erns, health, and affec>ng the vital sta>s>cs (survival and breeding success) (Piersma 

2012, Piersma et al. 2016). The observed increase in human pressure on coastal resources (Halpern 

et al. 2019), and the different forms of anthropogenic occupa>on and resul>ng degrada>on of 

natural habitats in these sites (Newton et al. 2020, Williams et al. 2022), have been among the main 

threats to waterbird popula>ons, directly causing local popula>on declines (Sutherland et al. 2012, 

Marjn et al. 2015, Chen et al. 2022, Martay et al. 2023). These pressures reduce or may even 

eliminate the poten>al resilience of bird popula>ons, and the ecosystems they depend on, to climate 

change (Bernhardt & Leslie 2013). It is why, for many decades now, researchers and managers have 

been working towards assuring the protec>on of the network of sites migratory waterbirds depend 

on, with interna>onal ini>a>ves like the AEWA (Agreement on the Conserva>on of African-Eurasian 

Migratory Waterbirds; h%ps://www.unep-aewa.org/), the CMS (Conven>on on Migratory Species; 

h%ps://www.cms.int/), and the WSFI (Wadden Sea Flyway Ini>a>ve; h%ps://flyway.waddensea-

worldheritage.org/), shaping this necessity into intergovernmental poli>cal frameworks, based on 

the concept of flyways, and defined by the movement ecology of shorebirds.  

Under all these agreements there is a strong purpose of pulling efforts to engage in flyway level 

conserva>on, which goal could be summarized as preserving migratory waterbird popula4ons and 

the habitats they depend on throughout the network of sites that cons4tute their flyway (Lewis 

2016). To achieve this purpose, it is evidently necessary to keep track of the changes in waterbird 

popula>ons in the flyway to alert responsible agencies when conserva>on interven>ons fall short. 

Amongst the various possible ways to track waterbird popula>ons, the count-based monitoring 

schemes of non-breeding popula>on levels were chosen and set up at, organized by country, at many 

https://www.unep-aewa.org/
https://www.cms.int/
https://flyway.waddensea-worldheritage.org/
https://flyway.waddensea-worldheritage.org/


Henriques and contributors, 2024 
 

 4 

sites along the flyway. Nevertheless, because resources are limited, only a frac>on of all the sites 

used globally by waterbirds can be monitored, and as a general strategy, counts are focused on the 

sites holding a larger number of birds at a given >me of the year(Schmeller et al. 2012a, van Roomen 

et al. 2013a). Moreover, typically the monitoring of site use is most complete in countries where 

more financial and human resources are available; take, as an example, northwest Europe or the 

Atlan>c North America (Schmeller et al. 2012b, a, Ziolkowski et al. 2022, Smith et al. 2023). 

Once the flyway concept was accepted (Eren et al. 2024) it became necessary to integrate 

knowledge at the flyway scale. Thus, under the formerly called Interna>onal Waterfowl and 

Wetlands Research Bureau, now Wetlands Interna>onal, the Interna>onal Waterbird Census was 

started in 1967 and currently includes 143 countries around the globe, represen>ng the major 

flyways of the world (Wetlands Interna>onal 2023). Within this program, regular waterbird counts 

are conducted in a coordinated way (i.e. counts are performed during the non-breeding season of 

the birds, in January, at all sites), and then numbers are translated into popula>on size assessments 

and analysed to depict annual trends for each species, at site and at flyway levels (e.g. Hansen et al. 

2016, van Roomen et al. 2022).  

With so many species and habitats being lost at unprecedented rates (Sala & Knowlton 2006, 

Cardinale et al. 2012, Barton et al. 2023), most of which can be a%ributed to human ac>vi>es 

including climate change (Harley et al. 2006, Maclean et al. 2008, Eriksson et al. 2010, Godet et al. 

2011, Doney et al. 2012, Chen et al. 2016, Donohue et al. 2017, Wauchope et al. 2017, Jackson et al. 

2021), many waterbird popula>ons are also facing declines in most flyways (Boere et al. 2006, 

Piersma et al. 2016, van Roomen et al. 2022). Thus, there is an urgent need to redouble flyway 

conserva>on efforts to protect waterbirds from going ecologically or fully ex>nct by preven>ng the 

loss of key sites along the flyway. Nevertheless, the current monitoring schemes, mostly based on 

sta>c counts in a selec>on of sites along the flyway, are far from a perfect all-round method to collect 

the informa>on needed to achieve the purpose of flyway conserva>on(Thomas 1996, Finger et al. 

2016, Schummer et al. 2018, Johnson et al. 2020, Piironen et al. 2023, VonBank et al. 2023). This is 

subject of discussion of this review. We aim to explore ways to improve the current monitoring 

schemes, inspired by the wave of technological and technical advancements currently made (Pimm 

et al. 2015, Berger-Tal & Lahoz-Monfort 2018, Lahoz-Monfort & Magrath 2021). 

The concept of flyway was first used in the Americas between the 1920s and the 1930s, by 

ornithologists working for the American Museums of Natural History collec>ng banded dead 

specimens to inves>gate migra>on routes and the distribu>on of bird species (Eren et al. 2024). Only 

in 1980 it was recycled by ecology researchers as a be%er term to describe the “biogeographic 

regions” on which they were coun>ng waterbirds along the East Atlan>c Flyway (Altenburg et al. 
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1982). From there on, flyway ecology research for conserva>on purposes became eminent, 

par>cularly in the context of bird mark-resigh>ng (dying with paint first ca. mid 1980s, and then 

colour-ringing later, from 1990 onwards) to study survival, and migratory pa%erns and connec>ons 

along the flyway (Dick et al. 1987, Piersma & Jukema 1990, Piersma & Davidson 1992, Piersma et al. 

1992, Boyd & Piersma 2001, Brochard et al. 2002). Movement ecology entered in an already buzzing 

flyway research and conserva>on scene, and the science of studying bird movement pa%erns at 

different scales fi%ed like a glove (Eren et al. 2024). In quickly became one of the first and obvious 

fields of knowledge we can turn to, looking for ways to improve monitoring schemes. In fact, the 

applica>on of movement ecology to address conserva>on issues has been growing since 2009 (Eren 

et al. 2024), with an increasing number of ar>cles being published between then and 2019 (Katzner 

& Arle%az 2020). Despite this, s>ll too few studies exist, with a total of only 16 ar>cles in 2019 

(Katzner & Arle%az 2020). 

Indeed, studying the movement of birds is not easy. Tradi>onal methods to track waterbirds, 

which generated the knowledge that helped to roughly define the boundaries of flyways, involved 

individual marking (colour dying, rings, and later colour ring schemes (Davidson et al. 1999). This is 

now among the most popular methods allowing to mark high numbers of birds with rings that can be 

read from the range of a telescope, which steadily developed from ca. 1990 (Piersma & Jukema 1990, 

Piersma & Davidson 1992, Piersma et al. 1992, Davidson et al. 1999, Gill et al. 2005). Undeniably, ring 

reading has yielded crucial knowledge on migratory pathways, informed about the links between 

sites in the flyway, and produced data on the >ming of migra>on, among other important 

informa>on (Rogers et al. 2010, Verkuil et al. 2012, Lok et al. 2015, Lislevand et al. 2017, Reneerkens 

et al. 2020, Bom et al. 2022). Nevertheless, this method requires a lot of effort and >me investment; 

learning about individual bird movements involves either recapturing the bird at another moment 

and in another place, or, more efficient, reading their unique (colour) ring codes.   

Tracking devices have been introduced in flyway ecology studies for a few years now, allowing to 

overcome the shortcomings of individual marking with rings (Davidson et al. 1999, Hebblewhite & 

Haydon 2010, Lei et al. 2019, Lahoz-Monfort & Magrath 2021). These devices collect and record the 

posi>on data of each tagged individual using different types of localiza>on technology and allow us 

to follow the movements of individuals with very li%le or no effort aqer deploying the device (Lahoz-

Monfort & Magrath 2021). With the technological advancements, more and more advanced tracking 

devices are being created, with smaller footprints and higher capabili>es in terms of the quality, 

quan>ty, and variety of data they can collect. This has led to an increase in the number of tracking 

studies in recent years (Katzner & Arle%az 2020, Joo et al. 2022). 
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In this paper we aim to discuss a framework under which the current wave of availability of 

tracking data and technological advancements in biologging sensors can be used to improve the 

exis>ng monitoring schemes which are fully reliant on counts, aiming at increasing the knowledge 

required for an effec>ve flyway conserva>on. In this review we will first introduce the knowledge 

founda>ons required to achieve an effec>ve flyway conserva>on, and frame what types of data are 

needed to build such knowledge. Under this conceptual framework, we will list and analyse the 

current limita>ons and gaps of count-based monitoring schemes that are hampering the 

construc>on of the required knowledge base. Then, we will introduce the current tracking methods 

used to study migratory waterbird movement ecology, review the available technology, device 

configura>ons, and the typology of data that they collect, and highlight the groups of species that are 

more and less studied. Building on all this, we will then discuss, based on literature and case studies, 

how each of the limita>ons and gaps of count-based monitoring can be overcome with tracking 

technologies and the integra>on of movement data. Finally, we will lay out a general framework with 

a roadmap for an improved monitoring at flyway scales by introducing a set of guidelines to combine 

count-based efforts with tracking data. While doing this, we will also discuss some ethical and 

fundamental considera>ons that need to be taken into account when planning the implementa>on 

of such framework.   

 

2. What needs to be known for an effec9ve flyway conserva9on? 

Flyway conserva>on can only be achieved if management interven>ons are evidence-based. Effec>ve 

conserva>on ac>ons need to be built on scien>fically sound knowledge founda>ons about the issues 

underlining popula>on trends, and on tested solu>ons. For this, we need to first understand what 

the ques>ons are that need to be asked. A good ecological ques>on is the first step towards 

achieving well-thought and well-planned management interven>ons. Thus, for the purpose of flyway 

conserva>on, we need to first determine the knowledge required. In our view, there are seven 

fundamental ques>ons that need to be answered: (1) What is the spa>al-temporal distribu>on of 

different species and popula>ons of waterbirds? (2) What is the structure of the popula>ons of each 

species? (3) How are sites along the flyway connected to each other? (4) What is the popula>on size 

of different species and sub-species? (5) What are the trends of (sub)popula>ons and (sub)species at 

the site and at the flyway level? (6) How can changes in popula>on size be understood in terms of 

the vital rates (recruitment and survival) of each (sub)species, and how do these rates vary in space 

and >me? (7) Do condi>ons and events at one site affect the op>ons of the birds later on and at 

subsequent sites and during subsequent seasons (domino and various carry-over effects)? We will 

further illuminate and expand on each of these ques>ons in the rest of this sec>on. 
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Spa9al-temporal distribu9ons: It concerns mostly the movement pa%erns of (sub)popula>ons of 

waterbird species in space and >me. As individuals move along their annual cycle through different 

sites of the flyway, they use specific areas at specific >mes according to the func>on of the sites (e.g., 

(Dodd & Colwell 1996, Reese & Skagen 2017, Chan et al. 2019b, Kölzsch et al. 2019, Lei et al. 2019). 

This means that building knowledge on spa>al-temporal movement pa%erns will allow to be%er 

understand at which periods each site is used, and therefore, when they need to be more protected 

(Henriques et al. 2024). Likewise, by looking at site fidelity, and depending on degrees of 

environmental variability, we can gain insights on how flexible birds can be in changing their spa>al-

temporal pa%erns in face of changes in the availability and quality of sites (Zhang et al. 2018, Chan et 

al. 2023). Not less important is the knowledge that studying spa>al-temporal distribu>ons can offer 

regarding the turnover rates of the sites. Turnover rates relate to the number of different individuals 

using a certain site at a longer >meframe. For example, some sites might be used by few birds at any 

given moment, but at longer >meframes by a much higher number of individuals, which typically 

spend li%le >me there, and at different days (e.g., (Frederiksen et al. 2001, Lehnen & Krementz 2005, 

Loonstra et al. 2016, Lok et al. 2019). Another example is the func>on the sites serve for birds, which 

can be inferred by studying how and when they use them in their annual cycle (e.g. (Kölzsch et al. 

2019, Navedo & Piersma 2023, de Boer et al. 2024). Knowledge on these different spa>al-temporal 

pa%erns of distribu>on can help us redefine the meaning of importance of a site for waterbird 

(sub)popula>ons (e.g., (Chan et al. 2019b, Lei et al. 2019), transcending the tradi>onal, but 

narrowed, view of the importance of sites only regarding their size or the number of birds of 

different species using it at a given >me (BirdLife Interna>onal 2016).   

Popula9on structure: The occurrence of individuals from different subpopula>ons or different 

sub-species in the same site, and at the same >me, is relevant when interpre>ng popula>on trends 

(Bom et al. 2022). This is because different popula>ons and sub-species cannot be interpreted as one 

unit, as it might significantly influence our percep>ons on the trends and popula>on sizes. For 

example, the importance of a site, and therefore its priority for monitoring and conserva>on, would 

be different if we knew that there were more sub-popula>ons of a certain species depending on the 

area, or if there were sub-species or sub-popula>ons with a higher conserva>on priority (i.e. higher 

level in the IUCN Red List of threatened species, or experiencing declines; (Murray et al. 2018)). 

Another example would be if at a certain site co-occurred two different sub-popula>ons that would 

subsequently migrate to different regions (for example, to different breeding areas or different non-

breeding residencies; e.g., (Piersma et al. 1994, Kuang et al. 2020, Bom et al. 2022)); it could be that 

one of these sub-popula>ons or sub-species would be using areas of higher conserva>on concern 

(Lok et al. 2011, Studds et al. 2017, Kuang et al. 2020), and therefore be of higher conserva>on 



Henriques and contributors, 2024 
 

 8 

priority. Knowledge on the structure of popula>ons of waterbird species will help to build a much 

be%er percep>on of the importance of the sites, and help building much sharper management plans 

that take into account the different needs of different subpopula>ons or sub-species. 

Connec9vity: While moving, different migratory waterbird species link different sites throughout 

the flyway (van de Kam et al. 2004). By building knowledge on this connec>vity at flyway scales, but 

also at the scale of countries or regions, we enable the assessment of conserva>on needs and 

management ac>ons at the appropriate scale, by integra>ng the range of sites that are part of each 

popula>on’s life cycle (Boere et al. 2006, UNEP/CMS Secretariat 2009). In this way, inter-

governmental agreements can be formed, and resources can be pulled to protect species that are 

not restricted to the borders of just one country.  Likewise, knowledge on the connec>vity among 

sites can inform us about the full range of threats and pressures that might be affec>ng those 

popula>ons (Iwamura et al. 2013, Studds et al. 2017, Morrick et al. 2022). The intensity of links 

among sites is also informa>ve, as it indicates what are the sites that are more interconnected by the 

birds, and therefore need reinforced conserva>on measures (Iwamura et al. 2013, Madsen et al. 

2014). 

Popula9on sizes: The size of a popula>on is among the most used knowledge types for flyway 

conserva>on. It is usually based on data that are collected in count-based monitoring schemes (Nagy 

& Langendoen 2020, Wetlands Interna>onal 2021, van Roomen et al. 2022). The es>ma>on of bird 

popula>on sizes is very challenging, but nevertheless essen>al to understand the rela>ve importance 

of different sites along the flyway for specific waterbird species popula>ons, and to enable trend 

analysis (Amano et al. 2010, van Roomen et al. 2022). Some interna>onal conven>ons and 

classifica>ons of site importance use the rela>ve popula>on size as the main criteria to classify sites 

under specific labels. The Ramsar Conven>on and the label of Important Bird Area are examples of 

this, with very concrete implica>ons for conserva>on and management of classified sites (Ramsar 

Conven>on 2014, BirdLife Interna>onal 2018). 

Popula9on trends: Appropriate and informa>ve assessments of popula>on trends depend on 

high quality popula>on size es>mates (Hansen et al. 2016) and on a strong knowledge of the 

popula>on structure. Within these condi>ons, popula>on trends are the backbone of much of the 

conserva>on ac>ons and priori>za>on of sites and waterbird species to protect (Boere et al. 2006). 

Building knowledge on popula>on trends will enable the detec>on of problems at key sites or at 

flyway scales through the monitoring of waterbird species and popula>ons (e.g. (Amano et al. 2010). 

Important conserva>on tools like the IUCN Redlist for threatened species depend on trend 

assessments to determine the conserva>on priority of popula>ons and species, and their threat 

status. 
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Vital rates: Understanding vital rates, i.e. recruitment and mortality, is essen>al to inform what 

types of measures are needed to protect popula>ons in decline (Baker et al. 2004, Rogers & Piersma 

2005, Weiser et al. 2020). Although boiling down to the two basic elements of recruitment (for an 

increase in popula>on size) and mortality (or its complement, survival; for the degree of decrease), 

the es>ma>on of vital rates comprise several layers of complexity related to individual, sex, age, 

migra>on and breeding phenology, etc., entangled with issues of observa>on and es>ma>on 

(Sandercock 2006, Weiser et al. 2020). Vital rates put the data on popula>on trends into context by 

asking the ques>ons: are popula>ons changing due to survival (Weiser et al. 2020), reproduc>ve 

output, or a combina>on of both (Rogers & Piersma 2005, Roodbergen et al. 2008, Weiser et al. 

2018)? By knowing the answer to these ques>ons, we can then start inves>ga>ng the causes for 

lower survival or low recruitment (e.g.(Rogers & Piersma 2005, Weiser et al. 2018, 2020, Allen et al. 

2022), and inform what types of management measures are needed (Reneerkens 2022). Survival and 

recruitment are two important measures at popula>on level, but the former relies on measures at 

individual level. Individual-level differences in phenotype can be born at different life-history stages, 

influenced by different types of individual differences, which can be integrated in the individual 

phenotype, generate a poten>al carry-over effect, affect its fitness and, therefore, survival (Senner et 

al. 2015). Due to this individual varia>on within popula>ons, monitoring vital rates require sampling 

sufficient individuals and during a long period to enable assessments at popula>on level.  Thus, it 

requires long-term data collec>on and high investment, but with worthwhile returns, as it is among 

the most valuable data to inform management ac>ons (e.g. (Baker et al. 2004, Roodbergen et al. 

2008, Gibson et al. 2018, Allen et al. 2022). 

Func9onal linkages between sites: carry-over effects. T Carry-over effects as envisioned by  

O’Connor et al. (2014) as ‘any situa-on in which an individual’s previous history and experience 

explains their current performance’ were shown to be a mixed bag of inherited and developed 

phenomena by Senner et al. (2015). They argued that for the purposes of assessments of the role of 

quality differences of sites along the flyway the category of “reversible state effects”, i.e., the 

downstream consequences of issues at one site and >me that can poten>ally be mi>gated at 

subsequent sites and >mes is the relevant one. Within a flyway context, this can be interpreted as 

the effects of changes or pressures over bird individuals that occur in one site of the flyway, but that 

are manifested and responded to at other sites, periods, or life-history stages. A clear example 

provided by Rakhimberdiev et al. (2018) is of Bar-tailed godwits reducing their fuelling >me on 

staging areas in the Wadden Sea, The Netherlands, during the northward migra>on to catch up with 

earlier snow melt on their breeding grounds, in Siberia. This came with a cost for their survival 

probability in the first year aqer reducing fuelling >me and depar>ng with lower than warranted fuel 
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stores. Indeed, in years where food abundance in the Wadden Sea was higher, survival probability 

was no longer penalized in the declining counts at a single nonbreeding site within the Banc d’Arguin, 

Mauritania (Oudman et al. 2020), tallied precisely with the predic>on based on condi>ons further 

north (Rakhimberdiev et al. 2018). Knowledge on such func>onal linkages show how issues at one 

site and season affect op>ons at subsequent sites and seasons, with obvious flyway scale 

implica>ons.  

   

3. How can the required knowledge be built? 

With the aim of answering the seven fundamental ques>ons presented on the previous sec>on, and 

in order to build the knowledge that is required for effec>ve flyway conserva>on, data are needed. 

But what types of data? Limita>ons in resource access and the need to focus efforts advise to sharply 

define which data needs to be collected to support solid analysis that can answer our ques>ons.  

One of the most common data types are count data. These refer either to full counts of birds 

using each site at a given moment, or to par>al counts that can then be used to es>mate full 

popula>on sizes using extrapola>on methods (Hansen et al. 2016, van Roomen et al. 2022). Coun>ng 

is the most tradi>onal data collec>on method to monitor waterbird popula>ons at local (e.g. 

(Agblonon et al. 2017) and flyway scales (e.g. (Amano et al. 2010, van Roomen et al. 2013a, 2022, 

Hansen et al. 2016), and have been used mostly with the purpose of monitoring changes in the 

ecological health of ecosystems, habitats, sites, or of species of conserva>on concern (Rosa et al. 

2003, Amano et al. 2010, Catry et al. 2011, Oudman et al. 2020, Henriques et al. 2022). This data 

type contributes towards es>ma>ng popula>on sizes, assess popula>on trends, and gain insights into 

vital rates (in combina>on with other data types – see below). In this capacity, count data has been 

the main investment in terms of data collec>on to inform management and conserva>on efforts, as 

the trends in bird numbers is regarded as an indicator of changes or impacts on ecosystems and 

habitats (Mathot et al. 2018).  

Gene9c assignments are another type of data that contributes towards be%er defining what the 

popula>on structure is at each site. By sampling several individuals of waterbird species using a given 

site and collec>ng DNA samples, it is possible to gain insights on the occurrence of different 

subpopula>ons or sub-species, provided that there is detectable gene>c differen>a>on (e.g. (Rogers 

et al. 2010, Conklin et al. 2016, 2022, Zhu et al. 2021b, Bom et al. 2022) . This informa>on can then 

be used in combina>on with other data types like counts and tracking data to answer key ques>ons 

related to popula>on trends and connec>vity (Rönkä et al. 2021, Zhu et al. 2021b, Bom et al. 2022), 

where the popula>on structure is well defined and then counts are scaled to reflect numbers of 
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different sub-popula>ons or sub-species. This structuring is essen>al to inform proper trend analysis 

and guide management and conserva>on focus (Bom et al. 2024).  

 Another data type that contributes towards building knowledge for flyway conserva>on is 

individual marking and resigh9ng. By trapping birds, marking a significant por>on of individuals 

from different (sub)popula>ons (for waterbirds typically with metal and colour rings), and resigh>ng 

them throughout their life cycle, we can es>mate popula>on sizes (Gunnarsson et al. 2005, Spaans et 

al. 2011), learn about their spa>al-temporal distribu>ons (both at popula>on and at individual levels; 

e.g., (Piersma & Davidson 1992, Gill et al. 2005, Verkuil et al. 2012, Chan et al. 2023), study the 

connec>vity within and between sites in the flyway (Piersma & Jukema 1990, Piersma et al. 1992, 

Davidson et al. 1999, Gill et al. 2005, Baillie et al. 2009, Verkuil et al. 2010), es>mate vital rates (Boyd 

& Piersma 2001, Brochard et al. 2002, Rogers & Piersma 2005, Lok et al. 2017, Reneerkens et al. 

2020), and even assess poten>al carry over effects (Weithman et al. 2017). Mark-recapture is among 

the most important data types that helped set the ini>al boundaries of the flyways, along with 

sequen>al and coordinated counts (Dick et al. 1987, Piersma & Davidson 1992, Piersma et al. 1992). 

Nonetheless, it requires a lot of effort, both in >me and in personnel resources, to enable the 

collec>on of data at wide enough spa>al and temporal scales.  

Finally, tracking data, obtained from bio-logging devices that can be fi%ed onto waterbirds, 

allows us to monitor bird movements at unprecedented spa>al and temporal scales (Hebblewhite & 

Haydon 2010, Williams et al. 2020, Joo et al. 2022). This data type is the most technologically 

dependent, as it relies on devices that collect or provide spa>al posi>on informa>on with >me 

stamps. In addi>on to this, tracking devices can be associated with other types of sensors that 

simultaneously collect data on environmental (temperature, pressure, salinity, etc), accelera>on in 3 

dimensions (movement sensors or accelerometers; (Bouten et al. 2013), and other types of 

parameters, which significantly increases our capacity to study birds’ behaviours, movement 

pa%erns, and responses to anthropic and environmental stressors. Several types of tracking devices 

are currently available on the market, varying in the way they collect posi>on data (e.g. GPS, satellite, 

VHF triangula>on, etc.), and in the way they transfer the informa>on to the end-user (e.g. radio 

base-sta>ons, satellite, GSM networks;  (Bridge et al. 2011). The major limita>on in applying this 

technology to study waterbird movement ecology is the size and weight of the tags, which is known 

to impact the behaviour and survival of the birds if it exceeds a certain percentage of the weight of 

the individual, or if it significantly changes its flight aerodynamics, agility, and detectability (Lameris 

et al. 2018, Geen et al. 2019, Pakanen et al. 2020). Nevertheless, tracing devices typically need 

memory capacity to store loca>on informa>on, and some kind of energy source to allow loca>on 

acquisi>on and informa>on transfer. Because of this, they need to be at the same >me large enough 
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to carry the required energy sources (ba%eries and/or solar panels) and store the data (and 

poten>ally transmit it remotely), and small enough to be able to be fi%ed onto the birds without 

jeopardizing their safety, health, and capacity to perform their normal ac>vi>es(Bridge et al. 2011, 

Geen et al. 2019, Pakanen et al. 2020). The current wave of miniaturiza>on of technology allows for 

varied combina>ons of device longevity, spa>al precision, spa>al and temporal resolu>on of posi>on 

data, data transmission, in devices of unprecedent small sizes and weight (Bridge et al. 2011, Bouten 

et al. 2013, Bijleveld et al. 2022). In this way, tracking data has the poten>al to contribute towards 

answering the same ques>ons as individual marking and resigh>ng, but requiring much less >me and 

personnel costs, while typically yielding much higher quality data. In addi>on, it can also inform 

about the popula>on structure by poten>ally showing the existence of different sub-popula>ons or 

sub-species using a given site, through dis>nct space uses and spa>al-temporal migratory pa%erns 

(e.g. (Zhu et al. 2021b, Bom et al. 2022). 

 

4. Monitoring through counts 

Monitoring birds through direct counts has been one of the cornerstones of bird conserva>on and 

research for more than a century (Moussy et al. 2022), providing a wealth of knowledge on 

popula>on sizes and trends, and also some informa>on on distribu>ons and phenology (Bart 2005, 

Schmeller et al. 2012b, Simmons et al. 2015, Fei et al. 2017, Brlík et al. 2021, Ziolkowski et al. 2022, 

Belo et al. 2023). Count data has been the basis to inform migratory waterbird conserva>on efforts at 

mul>ple scales (local and flyway). For instance, long-term count data has been instrumental in 

highligh>ng the alarming declines of migratory shorebird popula>ons worldwide (Marjn et al. 2015, 

Simmons et al. 2015, Clemens et al. 2016, Murray et al. 2018, Oudman et al. 2020, van Roomen et al. 

2022, Belo et al. 2023, Smith et al. 2023), promp>ng interna>onal conserva>on ini>a>ves (Amano et 

al. 2010, Schmeller et al. 2012b, van Roomen et al. 2013a, Moussy et al. 2022).  Beyond abundance 

metrics and distribu>on, counts can reveal valuable insights into habitat preferences (Yu & Swennen 

2004, Granadeiro et al. 2006, 2007, Mar>ns et al. 2016), migra>on pa%erns (Piersma & Jukema 1990, 

Piersma & Davidson 1992), and breeding success (Oudman et al. 2017), and has supported the 

iden>fica>on of important areas for breeding, staging, and non-breeding residency (Albanese & 

Davis 2015, Chan et al. 2019a, Robinson et al. 2020).  Addi>onally, data on age and sex ra>os 

obtained during counts can inform popula>on dynamics models (Weiser et al. 2018, Johnson et al. 

2020). Age ra>os, for example, can be used to es>mate recruitment rates, a key parameter in 

understanding popula>on growth and decline (Rogers & Piersma 2005, Méndez et al. 2018). 

Standardized count data collected across flyways (e.g. (Amano et al. 2010, Interna>onal 2012, 

van Roomen et al. 2013a, Wetlands Interna>onal 2021, Ziolkowski et al. 2022) allows for the 
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assessment of the overall health of waterbird popula>ons. By combining data from various countries, 

researchers can iden>fy popula>ons undergoing decline even if trends are not apparent within 

individual countries (Amano et al. 2010, van Roomen et al. 2013b). Interna>onal monitoring 

programs like the Interna>onal Waterbird Census (IWC, (Wetlands Interna>onal 2023) facilitate data 

sharing and collabora>on between countries. This collabora>ve approach enables the development 

of coordinated conserva>on strategies across en>re flyways (Boere et al. 2006, Iwamura et al. 2014).  

While seemingly straighyorward, bird count surveys involve a varied set of data collec>on 

procedures to ensure robust and comparable results (Rappoldt et al. 1985). Typically, trained 

observers visually iden>fy and count birds within a defined area or along a transect. Standardized 

protocols, including survey >ming, dura>on, and observer methodology, are essen>al to ensure data 

comparability across space and >me (Fuller & Langslow 1984, Rappoldt et al. 1985, Gregory et al. 

2004).  Sta>s>cal analysis of count data allows for the calcula>on of popula>on es>mates. Commonly 

used methods include distance sampling, which accounts for the detec>on probability of birds at 

varying distances from the observer, and occupancy modelling, which es>mates the probability of a 

species occurring within a specific area (Fuller & Mosher. 1987, Nichols et al. 2000, Thompson 2002, 

Burton et al. 2004, Gregory et al. 2004, Carrascal et al. 2008, Murn & Holloway 2016). Once 

popula>on es>mates are obtained from count data, simple sta>s>cal trend detec>on methods like 

linear regressions can be employed to iden>fy popula>on changes over >me (Zeileis et al. 2008), 

making it more accessible to non-specialized professionals. Addi>onally, by incorpora>ng data on 

environmental variables alongside count data, researchers can explore the factors influencing 

popula>on dynamics, such as habitat availability, climate change, or food resource abundance (Catry 

et al. 2011, Summers et al. 2012, Simmons et al. 2015, Murray et al. 2018). Lastly, because of the 

rela>vely simple methodological procedures of count monitoring, there are ample possibili>es of 

including ci>zen science and engaging the general public in monitoring programs (Hofmeyr et al. 

2014, Robinson et al. 2020) 

Despite their significant contribu>ons, count-based monitoring programs have methodological 

limita>ons that need to be acknowledged.  A key challenge is the varia>on in detec>on probability 

depending on several factors, like morphological or behavioural conspicuousness of individuals of the 

species, differences in habitat cover and visibility, observer experience, weather condi>ons, among 

others (Nichols et al. 2000, Murn & Holloway 2016). Another limita>on of count programs is their 

poten>al to miss certain segments of the popula>on. For instance, standard counts may not capture 

informa>on on breeding success, as nes>ng birds are oqen secre>ve and difficult to detect. 

Addi>onally, non-breeding segments of the popula>on, such as moul>ng birds in secluded areas, 

may also be underrepresented in count data. Finally, logis>cal challenges and resource limita>ons 
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can restrict the frequency and comprehensiveness of surveys. Coun>ng birds over large areas 

requires significant >me and manpower, and budgetary constraints can limit the number of sites 

surveyed and the frequency of surveys. 

 

5. Gaps and limita9ons of count-based monitoring 

Despite the intrinsic and evident value of count data, and beyond the methodological limita>ons 

men>oned in the previous sec>on, count data are also limited in several other ways, namely 

concerning how they support flyway conserva>on efforts. We argue that count-based monitoring has 

limita>ons that can be structured in three wide groups: (1) limita>ons related to sites, (2) related to 

species and (sub)popula>ons, and (3) related to func>onal analysis and interpreta>on. In this sec>on 

we will dissect each of these limita>on groups and specify in which way they cons>tute gaps that 

significantly affect flyway conserva>on effec>veness. 

 

Limita9ons related to sites:  

I. Missing important sites: Oqen, count-based monitoring is based on previous knowledge on 

the loca>on of areas of high congrega>on of birds at the same >me. This knowledge is 

usually derived from local observa>ons in the field. However, this naturally creates a strong 

bias towards areas that are more studied, more accessible, have more local resources, and a 

longer history of bird-related ac>vi>es, like birdwatching and conserva>on. Such bias will 

naturally translate into missing important sites that should be included in the monitoring, but 

are not because they are not known, rather than because they are not used by a large 

number of birds. Another limita>on is the way the importance of sites is considered. The 

concept of importance is tradi>onally linked to the number of birds that are using a given site 

at the same >me (and with the current count regime, mostly in winter; see (Zwarts 1988, 

Zwarts & Piersma 1990, Amano et al. 2010, van Roomen et al. 2022, Navedo & Piersma 

2023), and also the diversity of the bird community depending on that site, in accordance 

with interna>onal standards of labels like IBA (BirdLife Interna>onal 2016). However, this is a 

limited concept of importance, as it does not consider the spa>al-temporal aspects like 

turnover rates, connec>vity, or seasonality (discussed below), nor does it take the func>on 

that the site may serve within the birds’ life cycle into account.  

II. Func9on of sites: The func>on that each site serves for the birds is a key aspect to 

understand its importance at local and flyway scales (Navedo & Piersma 2023). Nevertheless, 

count data is oqen unable to take this into account when defining the importance of sites, 

and when choosing priority sites to focus monitoring efforts on. Count data alone cannot 
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capture the informa>on on the func>on of the site, and tradi>onally, only field observa>ons 

have been providing hints on this. Nevertheless, because the >meframe on which field 

observa>ons is collected is typically limited, and because there is only so much informa>on 

that can be collected through field observa>ons alone, there is usually very li%le knowledge 

on the true func>on of par>cular sites for the local and the flyway popula>ons of bird 

species. While func>ons like moult, foraging, or res>ng areas might s>ll be possible to 

iden>fy while coun>ng birds, other func>ons might be much less obvious. For example, there 

are sites that might serve as emergency stopover areas during the migra>ons when there are 

bad condi>ons (Shamoun-Baranes et al. 2010, Overdijk & Navedo 2012), while other sites 

might not host many birds every year but may become crucial for en>re bird popula>ons 

when condi>ons in important sites are worse.  

III. Connec9vity: Through their movements, birds connect different sites during their annual 

cycle, both at local (Lamb et al. 2024) and flyway scales (Schmaltz et al. 2018, Lisovski et al. 

2021, Verhoeven et al. 2021, Bom et al. 2024). However, these links are very difficult to 

capture and quan>fy only using count data. This is because with count data of waterbirds we 

are unable to track individual movements between different sites along the flyway, and 

although it is possible to get vague ideas on large scale movements along known sites in a 

flyway network (e.g. (Piersma & Davidson 1992), this knowledge is incomplete, biased to 

known sites, and prone to erroneous interpreta>ons when different sub-popula>ons are 

mixed in some of the sites of the network (Zhu et al. 2021b, Bom et al. 2022). In this way, 

count data is limited in how it can provide a good representa>on of the connec>vity among 

sites, and of the varying levels of dependency of the birds to different sites along their annual 

cycle. Proper knowledge on the connec>vity and movement pa%erns across different sites of 

migratory shorebirds has been proven to have a direct relevant impact in crucial managing 

decisions regarding infrastructure development within and around protected areas (e.g. 

(Nigh>ngale et al. 2023). 

IV. Turnover at sites: Counts represent a s>ll picture in >me of the numbers of birds at a certain 

loca>on. This means that if the turnover rate at this site is high (i.e., the individuals are 

spending li%le >me in the site and then moving on to another) and if in addi>on, there is a 

temporal mismatch between the individuals (i.e., individuals are not arriving and leaving the 

site at the same >me), count data will provide a poor es>mate of the real number of 

individuals using the site, and consequently underes>mate its importance for the species’ 

popula>on. 
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V. Seasonality: The temporal pa%erns of birds’ occurrence at sites is one of the major factors 

that need to be considered when planning count-based monitoring, par>cularly when 

dealing with par>ally or fully migratory bird popula>ons. Depending on the objec>ves of the 

monitoring program, counts need to be conducted at a certain >me of the year, allowing to 

sample the target popula>ons either at the most stable period, or at the period with the 

highest count, depending on the goals. To understand the temporal pa%erns of occurrence at 

each site, highly frequent counts are required, especially in periods of more movement (e.g., 

migra>on, pre-breeding dispersal). Nevertheless, an effec>ve count-based monitoring set-up 

and interpreta>on of the data depends on a solid knowledge on the seasonality of the bird 

popula>ons using the target site, and count data is limited in the ways it can provide this 

informa>on. 

 

Limita9ons related to species and popula9ons:  

I. Distribu9onal range changes: count-based monitoring is implemented through regular 

counts that aim to monitor changes in bird popula>ons. When these counts are coordinated 

at flyway scales, the varia>on in the numbers of birds counted throughout >me is analysed to 

depict trends in popula>ons sizes. Nevertheless, birds might exhibit changes in their 

movement pa%erns in response to changes in their environment, which can amount to 

altera>ons in their normal distribu>onal range at large scales. Altera>ons in distribu>onal 

range can be due to range contrac>on (when the flyway-scale range is constricted to only 

some of the sites that were previously used) or to range shiqs (when the normal range of the 

popula>on changes, with the birds using alterna>ve sites that were not used before while 

abandoning some of the sites previously used). When the distribu>onal range of bird 

popula>ons change, it becomes very difficult to disentangle the effects of poten>al 

popula>on declines or increases from those caused by distribu>onal range changes only 

using count data. Consequently, a reliable interpreta>on of trends from count data is 

hampered by this entanglement, as it becomes unclear whether trends at the monitored 

sites are expressing true popula>on declines, or if these are just a manifesta>on of 

distribu>onal range changes (e.g. (Rakhimberdiev et al. 2011, Verkuil et al. 2012). 

Distribu>onal range changes can happen at both local and flyway scales. 

II. Mixed sub-popula9ons or sub-species: in sites where different sub-species or sub-

popula>ons of the same species occur, count data will very seldom be able to iden>fy these 

differences and assess the numbers of each popula>on unit separately. Nevertheless, as this 
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knowledge is key (see sec>on 2), any conserva>on assessments based solely on counts will 

poten>ally induce to major errors if sub-popula>ons or sub-species are lumped together.  

III. Poorly covered species: some migratory waterbird species are widely distributed across a 

large range, and do not occur in large numbers in a few important sites. A good example are 

sanderlings Calidris alba, which are typically challenging to cover with count-base monitoring 

schemes due to their low-density occurrence and are poorly monitored in most of their 

range only with count data(Burton & Blew 2008, Jeroen Reneerkens et al. 2009). This is 

because it is difficult to find and count the wide number of sites along which they are 

distributed. Other examples are species that are very difficult to detect for being too similar 

to other more numerous species, and that might therefore go unno>ced. 

IV. Demographic structure: Demographic parameters like sex and age ra>o have important 

implica>ons in the produc>vity rates of bird popula>ons, and these are typically poorly 

captured and represented in count data. Par>cularly in instances when male and female, or 

juvenile and adult individuals have different space use and migratory pa%erns, and when 

sexual and age-related dimorphism is not visually evident, count data will not be able to 

depict when there are sites mostly used by one of the sexes or age classes than others. This 

limita>on leads to a poor knowledge on the implica>ons of the loss of certain sites for 

popula>on produc>vity and structure due to differen>al survival rates between ages and 

sexes. Addi>onally, when temporal changes on sex and age ra>os occur, there will also be 

missed by count data. 

 

Limita9ons related to data analysis and interpreta9on:  

As a consequence of the limita>ons of count-based monitoring related to sites and related to species 

and popula>ons, listed above, the analysis and interpreta>on of the resul>ng data can be heavily 

affected, compromising the quality of the knowledge we acquire from it. As a result, the way we 

interpret the count data we have will depend on addi>onal knowledge that cannot be provided by 

count-based monitoring alone. More specifically, these limita>ons can be translated in the following: 

I. Popula9on es9mate errors: count data is frequently used to perform es>mates of the 

popula>on size of bird species. Because it is oqen nearly impossible to count all birds using a 

given site, sampling and sub-sampling efforts are used in extrapola>ve models to devise the 

total number of individuals, both at local and flyway scales. Nevertheless, due to the 

limita>ons related to sites and related to species and popula>ons, popula>on size es>mates 

might be prone to large errors. For example, poor knowledge on important sites to monitor, 

or about the sub-species or sub-popula>on composi>on of monitored sites can significantly 
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affect the popula>on size es>mates, affec>ng our percep>ons of the trends and our capacity 

for effec>ve conserva>on interven>ons. 

II. Sampling design: oqen, count-based monitoring lacks sufficient knowledge on spa>al-

temporal pa%erns to set appropriate sampling designs, including the best sites, periods, and 

frequencies to conduct counts. This will lead to poor monitoring data and, consequently, 

poor knowledge on popula>ons’ sizes, conserva>on status, and trends. Similarly, changes in 

the distribu>on range throughout >me can also make sampling designs inappropriate due to 

range shiqs or range constric>ons not be taken into account. 

III. Poor picture of real popula9on trends: frequently, the areas that are monitored with counts 

are chosen for the high number of birds they host. However, they oqen do not represent the 

fullness of the sites that are used by birds but are probably the areas of higher quality. In 

these cases, if the quality of the remaining sites decreases, with nega>ve impacts on bird 

popula>ons’ survival, this will likely not be detected through count-data. This is because birds 

will tend to move to higher quality sites (e.g., (Gill et al. 2001, N>amoa-Baidu et al. 2014), 

giving an apparent percep>on of posi>ve trends (or at least of non-decreasing trends) for the 

popula>on, while in fact survival is decreasing and those popula>ons are threatened.  

 

6. The added value of tracking technology and data  

Tracking technology plays a pivotal role in advancing our understanding of movement ecology in 

avian species. The u>liza>on of tracking data offers unparalleled insights into the spa>al and 

temporal dynamics of bird movements, surpassing tradi>onal methodologies in accuracy and scope  

(Long & Nelson 2013). Unlike other methods like counts and mark-resigh>ng, which are limited in 

spa>al coverage and temporal resolu>on, tracking technology provides con>nuous, high-resolu>on 

data on individual bird movements (Bridge et al. 2011). This enables researchers to discern intricate 

pa%erns of behaviour, such as migratory routes, stopover sites, and habitat preferences, with 

unprecedented detail and accuracy (Robinson et al. 2010, Guilford et al. 2011, Joo et al. 2020). 

Various tracking technologies have been developed to study bird movements comprehensively, 

each with dis>nct advantages and applica>ons (Bernd-Ulrich Meyburg et al. 2011, Bridge et al. 2011, 

Guilford et al. 2011, Bouten et al. 2013, Bijleveld et al. 2022, Iverson et al. 2023, Gould et al. 2024). 

Broadly speaking, there are mainly three technical aspects to consider in the way tracking devices 

work, and that dis>nguishes the various op>ons that are currently available: (1) how loca>on 

acquisi>on is done, (2) the way data transmission occurs, and (3) how they are powered. These three 

aspects will be the main determinants of how small the devices can be, which spa>al and temporal 

resolu>on they will deliver, and which ecological answers they can provide (Bridge et al. 2011, 
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Williams et al. 2020). Regarding loca>on acquisi>on, tracking technologies u>lize diverse posi>oning 

methods, including GPS, radio frequency iden>fica>on (RFID), and geoloca>on, each offering 

different spa>al and temporal resolu>ons (Bridge et al. 2011, Gould et al. 2024). While GPS devices 

provide high-precision coordinates at frequent intervals, geolocators offer lower resolu>on but can 

be deployed on smaller bird species. For data transmission, some device constructs employ satellite 

communica>on or GSM/LTE connec>on protocols for real->me data transmission and tracking, while 

others store data onboard for later retrieval, which can be done with limited range remote 

connec>ons (hand-held antennas or fixed towers) or directly from the device itself. Both the posi>on 

acquisi>on and data transmission are energe>cally costly, with the most efficient and convenient 

methods being typically more energe>cally expensive. This is what will determine power source 

configura>ons, with on board lithium ba%eries being the current standard, frequently coupled with 

addi>onal solar panels for longer-term data collec>on. Ul>mately, the selec>on of tracking 

technology depends on the research objec>ves, target species, and logis>cal constraints, with each 

approach offering unique advantages for studying bird movements and informing conserva>on 

efforts (Hebblewhite & Haydon 2010, Bridge et al. 2011). 

Satellite telemetry, for instance, enables long-distance tracking of birds across vast expanses, 

elucida>ng migratory flyways and habitat connec>vity on a global scale (Gill et al. 2009, Chan et al. 

2019b, 2023, Exo et al. 2019, Lei et al. 2019, Kuang et al. 2020, Bom et al. 2022, 2024). Furthermore, 

light-level geolocators provide valuable insights into migratory behaviour by recording changes in 

light intensity, thereby inferring la>tude and longitude coordinates during bird migra>on (Niles et al. 

2010, Fijn et al. 2013, Lisovski et al. 2016, 2021, Lislevand et al. 2017, Rakhimberdiev et al. 2017, 

Pakanen et al. 2018, Reneerkens et al. 2020). GPS tracking devices, on the other hand, offer fine-

scale spa>al resolu>on, facilita>ng detailed assessments of habitat use and movement pa%erns 

within specific areas (Bouten et al. 2013, Schwemmer et al. 2016, Bakker et al. 2021, Jourdan et al. 

2021, Gauld et al. 2022, Rodrigues et al. 2023). An even finer level of spa>al-temporal resolu>on can 

be achieved with some radar-based devices, which use very high frequency (VHF) signals emi%ed by 

the tags, that can be detected by receiver sta>ons through triangula>on (Iverson et al. 2023, Gould 

et al. 2024). To achieve a high resolu>on however, a high density of receivers is required at rela>vely 

small distances from the tags, which limits the spa>al extent that can be effec>vely covered at high 

resolu>ons. The current state-of-art using VHF-emi^ng tags is represented by Time-of-Arrival 

systems like the Advanced Tracking and Localiza>on of Animals in real-life Systems (ATLAS), which 

uses receiver towers to detect and determine the posi>on of a tag by measuring the strength of the 

signal received and the >me it takes to be detected (Bijleveld et al. 2022). For addi>onal details on 
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available tracking technologies and technical specifica>ons of devices currently used to track birds of 

different sizes, see Annex 1 and tables within.  

The bo%om line is that tracking studies yield cri>cal informa>on needed to answer key biological 

and ecological ques>ons (Hebblewhite & Haydon 2010), which should cons>tute the basis of 

conserva>on and ecological management strategies. By elucida>ng the spa>otemporal dynamics of 

bird movements, these studies inform habitat conserva>on efforts, delineate priority areas for 

protec>on, and iden>fy poten>al threats along migratory routes (Katzner & Arle%az 2020). As a vivid 

example, thanks to research powered by tracking data of the threatened Black-tailed Godwit Limosa 

limosa, the development of a new airport in the Tagus estuary (Portugal), next to one of the most 

important staging sites for this species’ popula>on along the East Atlan>c Flyway, was stopped by 

environmental governmental agencies (Nigh>ngale et al. 2023). In the same direc>on, recent 

research in the Wadden Sea islands has highlighted that a significant part of the habitat used by 

Eurasian Spoonbills Platalea leucorodia during post-breeding dispersion movements would be 

destroyed by current plans to build underground powerlines between the North Sea and the Dutch 

coast (Henriques et al. 2024).  

 

7. Caveats of tracking technology 

Notwithstanding their valuable contribu>ons, the u>liza>on of tracking devices for monitoring 

waterbird popula>ons presents certain caveats that warrant careful considera>on. Primarily, the 

a%achment of tracking devices, especially on smaller bird species, may impose addi>onal energe>c 

demands and poten>ally alter their behavior or movement pa%erns due to the added weight or 

discomfort (Lameris & Kleyheeg 2017). For this reason, researchers are only able to track birds with 

sufficient resolu>on star>ng from a certain weight (see Guilford et al. 2011, Iverson et al. 2023, 

Gould et al. 2024, Michel et al. 2024). This limita>on can have as a consequence a bias understanding 

(towards larger species and individuals) of flyway-scale movement pa%erns of waterbird popula>ons 

as a whole. Addi>onally, the financial costs and other technological limita>ons associated with 

tracking technology (e.g., longevity of devices or of fi^ng materials, fi^ng methods, geographic 

varibility in network coverage to download data, etc.; (Scarpignato et al. 2023) can limit the sample 

size and dura>on of studies, poten>ally reinforcing biases (Michel et al. 2024) and hindering 

comprehensive assessments of popula>on dynamics. This is because while tracking data provides 

valuable insights into individual movements, extrapola>ng these findings to the en>re popula>on 

requires cau>on, as individual varia>on and sampling biases may influence the representa>veness of 

the data.  
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It is thus crucial to acknowledge that tracking data alone cannot provide a complete picture of 

waterbird popula>ons. Integra>ng tracking informa>on with complementary data sources, such as 

ground or aerial surveys, mark-recapture with colour-rings, and remote sensing, is essen>al for a 

holis>c understanding of popula>on trends, habitat u>liza>on, and poten>al threats. By recognizing 

and addressing these caveats, researchers can maximize the benefits of tracking technology while 

ensuring the robust and comprehensive monitoring of waterbird popula>ons. This can only truly be 

successful with commi%ed support and investment (also finan>al) of all flywyay conserva>on 

stakeholders.   

Despite these caveats, specifically for the purpose of flyway conserva>on, tracking data 

contributes towards several of the required knowledges iden>fied in sec>on 2, which will be 

dissected in the next sec>on. By contribu>ng to our understanding of these ecological processes, 

tracking data can guide informed decision-making for flyway conserva>on and ecosystem 

management at local and global scales. 

 

8. How can tracking contribute to improve count-based monitoring? 

The limita>ons of count data in contribu>ng towards the required knowledge for flyway conserva>on 

purposes were iden>fied in sec>on 5. The ques>on now remaining is: how can tracking data help 

addressing these? In this sec>on, we provide specific research examples from the literature that 

portrait results, methods or analysis that clearly supports in tackling each of the limita>ons of count-

based monitoring. We primarily focus on showing examples that use tracking devices, but in the 

absence of these, we make use of research based on mark-resigh>ng data to illustrate the poten>al 

of tracking studies.  

 

Contribu9ons to tackling limita9ons related to sites:  

Focusing on iden>fying missing important sites, Chan et al. (2019) studied the movement of 32 

Great Knots Calidris tenuirostris in the East Asian-Australasian Flyway with satellite transmi%ers (4.5 

g solar PTTs from Microwave Telemetry). Within three years they found that 63% of all stopping sites 

used by these birds were not previously recognised as important sites for the species, while allowing 

at the same >me to establish the connec9vity among the different sites used by the species. 

Similarly, in the Americas Flyways, McDuffie et al. (2022) used 4.0g PinPoint GPS Argos-75 satellite 

tags (from Lotek Wireless) with high loca>on precision, to study migra>on routes, connec>vity and 

stop-over areas of Lesser Yellowlegs Tringa flavipes. The authors were able to iden>fy several 

important stopping and non-breeding areas in Central and Southern America by following birds 

tracked in different breeding and staging areas in North America. They also showed how the different 
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breeding popula>ons were establishing the connec>vity among the spa>ally segregated breeding 

areas, and the same stop-over and non-breeding sites they used further south. In the East Atlan>c 

Flyway, eleven Grey Plovers Pluvialis squatarola were tracked from Lower Saxon Wadden Sea, in 

Germany, using solar powered 5 g ARGOS PTT satellite trackers (from Microwave Telemetry), which 

allowed to describe the connec>vity of all sites used, and also unveil three en>rely unknown staging 

sites between the Wadden Sea and the Arc>c (Exo et al. 2019). Månsson et al. (2022) described the 

annual movements of 76 Greylag geese Anser anser, which were fi%ed with solar powered GPS 

tracking devices from Ornitela (OT-N35 and OT-N44) and Made-by-Theo (Theo Gerrits). Following 

these birds allowed us to learn of a new wintering area in Sweden, which was unknown for the 

species 30-40 years ago. Finally, satellite tracking of 21 birds from the newly described Black-tailed 

godwit subspecies Limosa limosa bohai (Zhu et al. 2021b), allowed to unveil their non-breeding 

residency in Thailand, and a previously uknown breeding area for the species in the Asian Arc>c (Zhu 

et al. 2021a)  

(Bom et al. 2022) studied the migra>on routes, breeding des>na>ons and annual-cycle >ming of 

52 Bar-tailed Godwits Limosa lapponica using wintering areas in the Middle East (Oman) and West 

Africa (Mauritania and Guinea-Bissau). Using solar-powered 4.5-g Argos PTTs (from Microwave 

Telemetry), the authors established the connec9vity between the used sites for the two popula>ons 

of the species throughout all of the species annual cycle, and at flyway level, iden>fying important 

connec>ons between breeding, staging, and non-breeding sites. At a more local level, (Nigh>ngale et 

al. 2023) studied the connec>vity among sites used by Black-tailed godwits Limosa limosa in the 

Tagus estuary, Portugal, aiming at assessing the impact of poten>al developments within and around 

that Especial Protec>on Area on these birds. While the authors used mark-resigh>ng data for this 

analysis, the same kind of analysis could have been carried out using tracking data to determine the 

local scale connec>vity among sites used by Black-tailed godwits, but with higher resolu>on, 

confidence, and robustness. Tracking data was used this way for the network analysis showing the 

connec>vity among the sites used by Lesser Yellowlegs at the flyways scale in the Americas (McDuffie 

et al. 2022). 

In the work of (Lok et al. 2023) and (Lok & Piersma n.d.), the authors classified several 

behaviours of Eurasian spoonbills Platalea leucorodia using UvA-BiTS GPS trackers equipped with tri-

axial accelerometers and high-precision GPS receivers (ca. 1 m of error). Through these studies, 

Henriques et al. (2024) performed and assessment of the important sites used by these spoonbills in 

the Wadden Sea, and using the behavioural data obtained with the algorithms in (Lok et al. 2023), 

the authors determined the func9on of these sites (i.e. foraging areas or res>ng areas) for that 

breeding spoonbill popula>on in the post-breeding dispersion period (Henriques et al. 2024). Kölzsch 
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et al. (2019) used 91 high-resolu>on GPS tracks (collected by several solar powered device 

configura>ons, namely GSM/GPS, UHF/GPS, GPRS/GPS and Argos/GPS manufactured by E-obs 

GmbH, Univ. of Konstanz, Madebytheo and Microwave Telemetry, respec>vely) of Western Palearc>c 

greater-fronted geese Anser a. albifrons, to iden>fy sites with breeding and moul>ng func>ons for 

these popula>ons by using different thresholds of >me spent in the sites by tracked individuals.  

Regarding the limita>on of the turnover at sites, the work done by (Kempenaers & Valcu 2017), 

which aimed at studying male compe>>on strategies in polygynous systems, showed that male 

individuals of Pectoral sandpipers Calidris melanotos, subsequently moved through a considerable 

part of the en>re species breeding range sampling mul>ple poten>al breeding sites. By tracking the 

movements of these males using 5 g Solar Argos PTT-100 (Microwave Telemetry) satellite transmi%er, 

the authors were able to describe this mul>ple site-sampling behaviour of 120 male Pectoral 

sandpipers. A by-product of this study, however, was that turnover rates at these sites could be 

calculated, which all had very high turnover rates of males as they move through them at different 

>mings, and being these sites used by much more individuals than it would be assumed only using 

count data. Verkuil et al. (2010) also provided reliable es>mates of turnover rates for Ruffs 

Philomachus pugnax staging in the Netherlands during the spring migra>on by es>ma>ng the total 

staging dura>on using radio-trackers on 95 birds. Nevertheless, in some contexts, colour-ringing 

might provide a more efficient method to calculate turnover at sites (e.g, Loonstra et al. 2016, 

Vervoort et al. 2022). 

Bom et al. (2022) iden>fied only a brief overlap at pre- and post-breeding Siberian staging areas 

between the occurrence of two dis>nct Bar-tailed godwit popula>ons, one that breads in the 

Western Siberian plains and go to Middle East for the non-breeding residency period, and another 

that breeds in the Tamyr Peninsula and spends the non-breeding residency period in West Africa. If 

the sites where there is a brief overlap among the popula>ons is to be monitored using counts, it 

would be crucial to know when this overlap occurs, so the >ming of counts can be adjusted in such 

way that we always know from which popula>on the birds that are being counted belong to. This 

qualifies as knowledge on the seasonality of bird popula>ons and species, which tracking can 

contribute towards to tackle count data limita>ons in this aspect. In similar ways, studying the 

phenology of bird migra>ons (e.g. Carneiro et al. 2019, Chan et al. 2019b, Exo et al. 2019, Lisovski et 

al. 2021, McDuffie et al. 2022) will contribute towards the same goal, informing on the >mings of the 

occurrence of birds in different sites and providing required framing for the interpreta>on of count 

data in these sites.  
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Contribu9ons to tackling limita9ons related to species and popula9ons:  

Although distribu9onal range changes have been detected also by analysing count data (like for e.g., 

with Graylags in the East Atlan>c Flyway; Ramo et al. 2015), their detec>on is oqen late because it is 

dependent on being constantly on the lookout in field observa>ons. With con>nuous tracking efforts 

to monitor bird popula>ons, it is possible to detect range changes very early on (like the par>al 

flyway-scale range change detected in Greylag geese in Sweden; Månsson et al. 2022), allowing for 

immediate adjustments on count areas and periods. Based on (qualita>ve and quan>ta>ve) count 

data, Rakhimberdiev et al. (2011) also reported a global redistribu>on towards the north of the Ruff 

popula>on in the East Atlan>c Flyway, due to a loss in habitat quality on staging sites in The 

Netherlands. The authors suggested that birds might have changed migra>on routes, avoiding The 

Netherlands and following a more eastern migra>on route, consequently ending up at more eastern 

breeding des>na>ons. Nevertheless, due to the limita>on of the count data used, strong 

assump>ons had to be made to support the redistribu>on hypothesis and to explain the 

redistribu>on mechanisms, given other alterna>ve explana>ons (Rakhimberdiev et al. 2011). The 

redistribu>on hypothesis and evidence for the mechanisms that caused it ended up being 

corroborated by ringing data from mark-resigh>ng efforts, where it was shown a rela>onship 

between the redistribu>on of the popula>on and decreased fuelling rates in The Netherlands due to 

farming prac>ces (Verkuil et al. 2012). The poten>al use of tracking data for this analysis in place of 

mark-resigh>ng of ringed birds would have provided the same evidence but with much higher detail, 

higher quality informa>on, and less effort.  

The clear delinea>on of popula>ons along the en>re annual cycle at flyway scales is crucial to 

allow the iden>fica>on of mixed sub-popula9ons or sub-species at monitored sites, which qualifies 

as one of the limita>ons of monitoring solely based on count data. Tracking studies can 

unequivocally tackle this gap by allowing to track the whereabouts of individuals from different 

popula>ons and determine if there are any spa>al-temporal overlaps during their annual cycle that 

can influence popula>on es>mates and trend assessment. (Kölzsch et al. 2019) provide an excellent 

example of this. By tracking 91 Western-Palearc>c white-fronted geese from two different 

popula>ons (North Sea and Pannonic), they were able to iden>fy very strong spa>al-temporal 

overlaps between the two popula>ons during moult period in the Taimyr Peninsula, while very li%le 

to none during spring and autumn migra>ons, or elsewhere in their breeding and non-breeding 

ranges. On another hand, using satellite-tracking Bom et al. (2022) described the individual 

migra>ons of 52 Bar-tailed godwits of the taymyrensis taxon from two different non-breeding 

residencies (West Africa vs Middle East). The authors showed that birds from these two non-

breeding ranges did not overlap in almost any part of their annual cycle, breeding in different regions 
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of the Arc>c, and only coinciding briefly and occasionally during pre- and post-breeding moments in 

Siberian staging areas. Nevertheless, despite the two popula>ons units displaying virtually no overlap 

in their flyways, and differing significantly in body size and shape, no gene>c differen>a>on was 

found, highligh>ng the crucial role of tracking data here to unveil the two popula>on units and 

define poten>al (non)overlap sites (Bom et al. 2022). Finally, Zhu and others described a new sub-

species of Black-tailed godwits (L. l. bohai) based on gene>c assignments, morphological differences 

(Zhu et al. 2021b), and differen>al migratory annual pa%erns with satellite and GPS tracking of 21 

birds (using PTT-100 5 g solar satellite transmi%ers from Microwave Technology, and HQPG2009P 9 g 

solar GPS/GSM trackers from Hunan Global Messenger; Zhu et al. 2021a). 

 

Contribu9ons to tackling limita9ons related to data analysis and interpreta9on:  

Waterbird counts are used to produce popula>on es>mates, a crucial knowledge type to allow 

evalua>ng conserva>on status of popula>on and inform management ac>ons (e.g., (Stroud et al. 

2004, Amano et al. 2010, van Roomen et al. 2022). Nevertheless, the accuracy of popula>on 

es>mates depends on a very well->med monitoring set up and correct sampling design. Issues like 

the migratory connec>vity and spa>al dispersion of bird popula>ons varying throughout the annual 

cycle will determine how much birds are clustered during the non-breeding season, severely 

influencing the areas that need to be monitored (Piironen et al. 2023). Likewise, annual varia>on or 

changes in environmental condi>ons that determine migratory phenology will also greatly affect the 

ideal >ming to count different bird species to ensure good popula>on es>mates (Maclean et al. 

2008, Finger et al. 2016, Piironen et al. 2023, Bom et al. 2024). Even the turnover of individual at 

sites that need to be monitored need to be taken into account, as the ideal scenario would be to 

monitor at the moment when turnover is lowest (Amano et al. 2010, Lok et al. 2019, Mu et al. 2022, 

Vervoort et al. 2022). Poor knowledge on these aspects will lead to inadequate sampling designs, 

which in turn can cause popula9on es9mates errors that might be too large to allow reliable trend 

assessments. For example, it was reported that count data of Pink-footed goose Anser 

brachyrhynchus in Svalbard was nega>vely biased at up to -20% compared to popula>on es>mates 

conducted using Integrated Popula>on Models (Johnson et al. 2020).  

The use of tracking data to mi>gate popula>on es>mate errors from counts has been explored 

in recent studies. For example, using tracking data of 68 Taiga Bean geese Anser fabalis fabalis 

(tracked with 30 g “Ibis” solar GPS/GSM by Ecotone Telemetry, and with Ornitella’s UAB 45 g 

OrniTrack-44 and 38 g OrniTrack-38 GPS/GSM devices), (Piironen et al. 2023) studied which where 

the best areas and periods to count birds of this popula>on during the non-breeding residency 

period. The authors did this by describing the migratory connec>vity and the spa>al-temporal 
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changes in migratory and distribu>on pa%erns, and tested the performance of several years of 

census data in coun>ng in the right >me and places throughout the years. They found that because 

migratory connec>vity between breeding and non-breeding areas was moderate to low, and because 

there was a substan>al varia>on within the non-breeding season in the connec>vity and spa>al 

dispersion >ming, current autumn and spring count schemes were underes>ma>ng the true 

popula>on size. Similar examples of the applica>on of tracking data to demonstrate that count data 

oqen underes>mate true popula>on size were reported by several authors on mul>ple waterbird 

species (e.g.  (Finger et al. 2016, Schummer et al. 2018, Johnson et al. 2020, Chen et al. 2021). 

 

9. A framework for an integrated flyway monitoring: perspec9ves on an implementa9on 

roadmap 

In previous sec>ons we made the point that there were many knowledge types that, combined, 

could provide the best possible insights to guide flyway conserva>on efforts.  In that sense, we 

advocate for an integrated flyway monitoring for bird popula>ons, where these different data types 

are incorporated within a structured mul>disciplinary monitoring scheme. While it is our opinion 

that this data and knowledge integra>on needs to be done for all data types iden>fied in sec>on 3, in 

this sec>on we focus on proposing a framework to guide a roadmap on how the integra>on of 

tracking and count data can be achieved, with the aim of improving current and new monitoring 

programs at flyway scales.  

Within our proposed framework we advocate that when designing a roadmap for such 

integra>on, several steps need to be taken, which if priori>zed will guide to a successful, cost-

efficient, ethical, and inclusive implementa9on. Successful refers to a monitoring program that will 

provide the best possible knowledge to inform successful measures to tackle current declining trends 

in bird popula>ons, and actually reverse them, improving the health and status of bird popula>ons 

and of their habitats. Cost-efficient relates to a well-balanced se^ng in which investments in tracking 

devices and in field expedi>ons to deploy them will inform an efficient selec>on of key monitoring 

sites and of count methods, poten>ally lowering the cost-benefit ra>o in the long-term, compared to 

tradi>onal count-only se^ngs. Ethical in ways that ensure the best prac>ces during tagging and 

coun>ng ac>vi>es to minimize the disturbance and other nega>ve impacts over bird communi>es, in 

the way the different roles of implementa>on actors and stakeholders are recognized and respected, 

and also by ensuring equitable data sharing policies. And inclusive refers to a monitoring scheme 

that places local ins>tu>ons, researchers and indigenous communi>es at the heart of the 

implementa>on process, based on the sharing of knowledge between these actors and interna>onal 

partners, ensuring a truly inclusive fusion of local and global flyway approaches.  
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The framework for an implementa9on roadmap  

Bellow we introduce the key steps that in our opinion need to be taken when designing a roadmap 

for an integrated flyway monitoring program. 

Step 1: Defining the role and involvement of key stakeholders  

Taking into account the needed exper>se and mul>disciplinary nature of an integrated monitoring 

program, the first step into building a roadmap is to consider which are the stakeholders that need to 

be involved from the ini>al design phase, and what their role will be. An open and inclusive approach 

at early stages will ensure that the monitoring program can be implemented with the par>cipa>on of 

the right experts, na>onal and interna>onal ins>tu>ons, and of members of the local communi>es. 

Ensuring a collabora>on among all these stakeholders is a must if we want to set-up a well-

structured and sustainable monitoring program. 

Connec>ng with professionals with long-term experience in coun9ng, tagging and tracking in 

the target sites and along the flyway will be essen>al to ensure a successful and cost-effec>ve 

monitoring program, building on previous experience and allowing to also standardize methods 

across the flyway. Local and interna9onal researchers are among the most important stakeholders 

to ensure long-term and well-designed tagging sampling at site and flyway scales. Interna9onal and 

na9onal conserva9on and management ins9tu9ons accumulate extensive experience in se^ng and 

implemen>ng monitoring programs and on conduc>ng counts.  

Designing the monitoring programs at local levels together with local ins9tu9ons and local 

communi9es will ensure a healthy rela>onship with interna>onal partners and a local sense of 

ownership of the monitoring scheme, aspects that are crucial to guarantee a long-term successful 

and stable program. Promo>ng locally driven data collec>on and cura>on is also essen>al to 

empower local ins>tu>ons and communi>es, which can be achieved by promo>ng their involvement, 

and where needed, by suppor>ng strong and long-term capacity building. Local NGOs and 

community associa9ons are the ideal partners to implement this. Governmental par9es like 

ministers of environment, na>onal park ins>tu>ons, and others, are also essen>al partners that will 

provide legal permission of access, support the se^ng up of monitoring ac>vi>es, and will oqen be 

involved in data collec>on, cura>on, and coordina>on.  

 

Step 2: Selec9ng target species 

Selec>ng the species on which efforts of combining tracking and counts should be made is before 

anything else a very flyway and site-specific exercise. Bird species that will be target of such 
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monitoring effort should be typically seen as sen9nels of change in their environment, and 

storytellers that would bring forth the message about how global changes (in climate and in human 

development and ac>vity pa%erns) are affec>ng them, and their environment. In prac>ce this means 

that species that are more sensi>ve to these changes or that respond to them in more “measurable” 

ways should be favoured.  

In addi>on, depending on the main mo>va>on for the monitoring program, the selected species 

should be represen9ng more than just themselves; for example, they may represent the different 

habitats within the ecosystems composing the flyway, the different ecosystem func>ons of the bird 

species (e.g., benthivores, piscivores, filter-feeders, etc.), dis>nct foraging behaviours, migratory 

strategies (e.g., residents, par>ally migratory, or fully migratory), migra>on types (e.g., loop, 

leapfrog), or other ecological or conserva>on-related subjects.  

Another important selec>on factor to take into account is the conserva9on status of the species, 

by ensuring the inclusion of species represen>ng different ex>nc>on threat levels (based on global 

and/or na>onal IUCN RedList of Threatened Species (IUCN 2023) or with different perceived or 

measured trends (e.g., (Koleček et al. n.d., Ramo et al. 2013, Nagy & Langendoen 2020, van Roomen 

et al. 2022, Smith et al. 2023). This will help us assess what is underlying the differences between 

species or popula>ons that are doing well and those that are declining. The na>onal and 

interna>onal importance of species as cultural and conserva9on emblems might be another factor 

to take into considera>on, as selec>ng species with high profile will contribute towards winning the 

support of the society (both at local and flyway scales) and open funding prospects.  

Not less important are more prac>cal considera>ons about how adequate are the species for 

fi`ng tracking devices, in terms of their size, body structure, and behaviour in rela>on to the 

available technology (i.e., if they can be safely fi%ed with tracking devices without hindering their 

normal ac>vity pa%erns or reducing their fitness and survival probabili>es). Likewise, it is important 

to take into account how possible is to set up a count scheme for the species, with representa>ve 

sampling, and easily standardizable. It is always advisable to select species for which there is already 

experience in handling, trapping, and tracking, as well as for which there is already long-term data 

available. This will ensure that the tagging efforts are already informed by previous experience, 

making it more efficient and less costly, while also adding to more long-term efforts already in place, 

with the evident benefits that come with building on ongoing knowledge and pulling resources. 

Addi>onal details about ways to select priority species for tracking can be found in Annex 2. This 

includes a summary of a recent global review on shorebird tracking studies, with a list of priority 

shorebird species for tracing globally (Michel et al. 2024), and a proposal from the authors of the 
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report for a list of 11 priority species to be considered for an integrated monitoring in the East 

Atlan>c Flyway (Table S3 within Annex 2).  

 

Step 3: Choosing the right type of tracking technology 

Aqer the target species selec>on, the adequate tracking se^ng needs to be chosen for each of them. 

But this might prove to be more difficult than expected, despite the diverse range of tracking 

technologies currently available and the constant advances in the miniaturiza>on of devices 

(Williams et al. 2020).  Several aspects come into play in this step. These should be considered while 

always keeping in mind the main purpose (integrated monitoring) and the ques>ons that are being 

targeted with the tracking effort (sec>ons 3 and 7; (Börger 2016, Katzner & Arle%az 2020, Williams et 

al. 2020).  

Firstly, depending on the species ecology and behaviour, the minimum spa9al and temporal 

resolu9ons need to be chosen. These will determine how detailed is the tracking data (i.e., how the 

loca>on is acquired) and how frequently will loca>on data be acquired and stored. Naturally, the 

higher the resolu>on, the higher the quality of the data, but this comes at the cost of ba%ery life, 

longevity, and weight of the device. Light-based (GLS) and satellite triangula>on technologies provide 

low spa>al resolu>on but lighter devices, while GPS enabled devices acquire much more accurate 

loca>ons but are heavier and more prone to drain ba%ery fast.  

Also weighing in to this trade-off is the data transmission method, with more convenient 

technologies like satellite and/or GSM/GPRS transmission not requiring going to the field to retrieve 

the data, but cos>ng more financially and in terms of ba%ery consump>on and wight of the device. 

Radio and Bluetooth technologies on the other hand, require going to the field with receiving 

antennas that need to be at a minimum distance of the tracking devices to connect to them and 

download the data, but allow the devices to be much smaller and to consume much less ba%ery. For 

species that are easier to recapture, devices without data transmission (i.e., that need to be 

retrieved to collect the data) can also be considered, allowing to make them even lighter and more 

precise.  

The behaviour of the species is key to understand which the ideal device is to track their 

movements; species that spend a lot of >me in or under water (like diving ducks or seabirds) will 

require special casing around the devices to ensure water proofing. In the case of some seabird 

species, like puffins or guillemots, the >me spend under water is so high while foraging that it might 

not make sense to fit a high frequency loca>on acquisi>on device. There are also species that spend 

a lot of >me, at certain stages of their annual cycle, in areas with very poor GPRS and 4G coverage, 

which might influence our choice in the data transmission method or strategy. For species that use 
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areas that are difficult to approach to use antennas to download data, the data transmission method 

also needs to be carefully considered.  

The spa9al scope of the tracking is another key aspect that will help determine the ideal tracking 

device for a species. If the intent is to track the movement throughout its whole annual cycle, 

loca>on acquisi>on and data transmission methods need to be selected in order to allow for that 

(e.g., using GPS-GSM or satellite tracker devices with solar panels). If the main interest, however, is 

focused at understanding the fine scale movement of birds at a specific site, systems like ATLAS might 

be more adequate, lowering costs and increasing the quality of data within a limited area.  

Finally, and inarguably the most important factor is the final weight of the tracker, and which 

percentage of the total body weight of the animal it represents. The usual “rule-of-thumb” is that the 

device weight (including all casing and a%achment accessories) should not surpass 3% of the total 

weight of the individual it is being fi%ed on, but this will largely depend on the device shape and size 

as well (Geen et al. 2019, Gould et al. 2024). Addi>onal considera>ons regarding the minimum 

weight individuals can carry need to be made if tracking devices are intended to remain a%ached for 

at least one en>re annual cycle; many bird species will have considerable weight fluctua>ons 

throughout different annual life stages (Pienkowski et al. 1979, Sco% et al. 1994, Zwarts et al. 1996). 

Device weight is among the main limi>ng factors in fi^ng tracking devices onto smaller species. Bird 

species like sanderlings Calidris alba, curlew sandpipers Calidris ferruginea, and smaller, have been 

seldom tracked due to this limita>on and GLS devices have been among the few that have wielded 

informa>on on their movements (Weiser et al. 2015, Lisovski et al. 2016, 2021, Reneerkens et al. 

2020). Very recent and ongoing studies are now finally using the latest available GPS devices that use 

Bluetooth and radio to transmit data (see Annex 1), and which will reveal new informa>on on 

movement pa%erns for these small migratory waterbirds.  

 

Step 4: Se`ng an adequate sampling design (sample size and representa9vity) 

It is common knowledge that the selec>on of coun>ng sites needs to be done in such a way that they 

are representa>ve of the diversity of habitats and the spa>al distribu>on of the popula>ons being 

monitored. The same concerns regarding the spa9al representa9vity should also apply to tracking 

birds. Depending on specifici>es related to the behaviour and movement pa%erns of the target 

species, trapping to fit tracking devices need to ideally aim at represen>ng the highest diversity of 

sites used. There are two ways of trying to achieve this. One is by trying to use the local knowledge 

on the occurrence of the species to define several trapping sites distributed throughout the poten>al 

area of occurrence of the species. These need to match, as much as possible, the sites that will be 

counted. The other way, which can apply to migratory birds and that depends on previous knowledge 
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on the connec>vity between sites in the flyway (for example, through ringing data), is actually to 

iden>fy one area in the flyway that all, or most, birds of that popula>on visit, and tag them there. 

This will allow a random sampling of the birds of that popula>on (assuming that there is no sex- or 

age-dependent >ming of migra>on or use of the area), which will later migrate back to our sites of 

interest and distribute evenly throughout the areas that will be counted. This method is s>ll rarely 

used inten>onally due to administra>ve constraints related to where the funds can be spent and 

where the trackers should be fi%ed. 

The representa9vity of the age and sex structure in the popula9on is also another important 

sampling design considera>on. Many coastal waterbird species show sex or age differences in >ming 

of migra>on and/or habitat and site use during parts of their annual cycle, oqen due to sexual 

dimorphism, differences in personality, and experience (Mathot et al. 2007, Catry et al. 2012, Van 

Den Hout et al. 2017a). Some young birds might explore different foraging areas than adults (Van 

Den Hout et al. 2017b) or migrate differently (e.g., by going to different non-breeding areas (e.g., 

Snell et al. 2021), or by staying in non-breeding residency areas during the first summer; Marjnez-

Curci et al. 2020, Navedo & Ruiz 2020, Reneerkens et al. 2020), while some females might find more 

prey in some habitat layers than males (Duijns et al. 2014, Basso et al. 2024). These differences might 

warrant being captured by the sampling design when se^ng up a coun>ng and tracking integrated 

monitoring program, by targe>ng to track birds of both sexes, and both adults and juveniles, and by 

a%emp>ng to also include sites to include both sexes and ages, and discern between these groups 

during coun>ng, when possible and feasible. 

Lastly, the sample size needs to be very carefully considered (i.e., the number of birds of each 

species and of each age and sex class). A weak investment in tracking can wield sample sizes that are 

too low to draw any conclusions or might even bias our percep>on and understanding of the 

movement pa%erns of the birds. But not every species needs an especial considera>on of the sex or 

age structure (because they might all be doing the same, e.g., (Gherardi-Fuentes et al. 2020), and 

some popula>ons are more variable in their space use pa%erns than others. Because we cannot 

know this beforehand, pilot studies are important to help determine the minimum sample sizes that 

are needed for each specific species. Very oqen these are already available in the literature, from 

previous or ongoing studies, which need to be carefully considered during planning of an integrated 

monitoring program. We advise to consider maintaining a sample size of at least 20-30 individuals 

per (sub)popula>on in each year, for species with narrower distribu>ons, and 50-60 individuals for 

species with wider distribu>ons. For more details on sample sizes for example tracking efforts 

following this framework, see Table 1. 
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Step 5: Defining the minimum dura9on of the tracking effort 

The inclusion of tracking into count-based monitoring efforts wield primarily two advantages: a 

short-term, where the knowledge on the space use, distribu>on, spa>al temporal pa%erns, 

connec>vity at local and flyway scales, and migratory pa%erns is established, and a longer-term 

advantage, where the poten>al temporal changes in these movement pa%erns can be picked up, and 

used to adjust coun>ng sites, periods, frequencies, and methods. To benefit from the later 

advantage, tracking efforts need to be long-term, based on con>nuous efforts of trapping and 

tagging birds of the target species to maintain a rela>vely high number of tracked birds throughout 

several years. Defining the minimum dura>on of the tracking effort is as easy as defining the 

minimum dura>on of the coun>ng data, in the sense that by defini>on tracking efforts should be 

kept for as long as the monitoring program is in place and for as long as monitoring itself is needed 

(which we would argue that it is always).  

The frequency at which birds need to be captured and new tags need to be fi%ed will depend on 

the longevity of the tracking devices in use, on the type of tracking devices deployed, and on the 

survival rate of the birds of the popula>on. Some tracking devices will remain for several years on the 

bird they were fi%ed on, while others will either fall/be removed from/by the bird, have a dead 

ba%ery, or malfunc>on within a year. Some>mes the mortality rate of the birds during their annual 

cycle is so high that the probability of losing a tracked bird within a year is quite significant. These 

factors will determine with which frequency (if early, or if more sparse) new devices will need to be 

deployed to maintain a minimum number of birds tracked for that popula>on. 

 

Step 6: Designing the governance structure 

An integrated monitoring program combining both local and flyway scales will invariably produce 

tracking and coun>ng data with intricate ins>tu>onal ownership characteris>cs. Data should be 

collected through an interna>onal effort but lead at na>onal and regional levels. It thus requires an 

interna9onal governance structure represen9ng all the stakeholders listed in Step 1 of this sec>on 

at an ins>tu>onal level. This body of ins>tu>ons throughout the whole flyway should func>on as a 

coordina9on unit for all the monitoring efforts taking place at na>onal levels, ensuring the 

standardiza>on of the methods, and coordina>ng data integra>on, sharing, and the communica>on 

among stakeholders of different areas and regions. The suggested governance structure will thus be 

supported by interins>tu>onal agreements with clear and simplified administra>ve procedures, and 

would include several technical coordina9ng units, including one for tracking and movement data, 
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one for coun>ng set-ups, one for data integra>on, analysis and produc>on of technical reports, one 

for capacity building and technical support to na>onal partners, and one for communica>on 

between partners and towards the society. 

Data cura9on will be an important role within the governance structure and given the 

complexity of integra>ng data bases with different origins, a global data base should be created, 

which will serve as a template for local data bases, ensuring maximum compa>bility between the 

data sets. Good recent examples of this for shorebirds are the European Global Wader Tracking Data 

Project (h%ps://www.globalwader.org) and the Shorebird Science and Conserva>on Collec>ve 

(Harrison et al. n.d.), and for seabirds the longer-term well-established Seabird Tracking Database 

(h%ps://www.seabirdtracking.org). Norms of standardiza9on and ethical guidance for tracking and 

count data should be put together in manuals (based on relevant ongoing efforts and proposals in 

the literature at several of the flyways), which would be made available to all data collec>on 

partners. A close collabora>on between scien>fic researchers, conserva>on managers, governmental 

agencies, local and interna>onal NGOs, and local communi>es will be key for the success of the 

governance structure of such an integrated monitoring scheme. Nevertheless, it is essen>al that the 

procedures of this body are made as simple and accessible as possible, based on ethical and 

collabora>ve guidelines, and to be absolutely transparent in its procedure and decision making to 

ensure it is trusted by all partners.  

 

Step 7: Integra9ng tracking and count data 

The integra>on of both data types should start before data collec>on, when the sampling designs 

and methods are being defined, when the tracking devices are being selected, and through the 

collabora>on of researchers, conserva>on ins>tu>ons and local communi>es. Following these stages, 

when synchronized tracking and coun>ng data are finally available, the stakeholders more involved in 

the technical aspects of monitoring (like data analysis) would be responsible for the integra>on of 

the two data sets. Being the primarily objec>ve to improve our knowledge on how bird popula>ons 

are changing at local and flyway scales, the first steps would be to describe, for each year of tracking, 

what was the space use (e.g., home and core ranges), habitat use (e.g. rela>ve >me spent in different 

habitats, or habitat suitability models), behavioural pa%erns (e.g., by classifying behaviours with 

accelerometer data or using speed thresholds, and applying machine learning, State-Space, Dynamic 

Time Warping, or Hidden Markov models), migratory pathways (e.g., using migra>on corridor or 

direc>onality analysis, or models like Individual-Based and Dynamic Brownian Bridge Movement 

models), connec>vity between sites (e.g., with network analysis), migra>on phenology, turning rates 

at sites, among others. Similarly, for count data, for each year the popula>on size (either from total 

https://www.globalwader.org/
https://www.seabirdtracking.org/


Henriques and contributors, 2024 
 

 34 

counts or from sampling and then using extrapola>on models based on suitable habitat area) should 

be es>mated.  

With these descrip>ve steps concluded for the first year of data, a close inspec>on of both 

data sets will allow to determine (1) whether the sites that are highlighted as the most important 

with the tracking data (based on analysis of space and habitat use, behavioural pa%erns, turnover 

rates, and connec>vity) coincide with the sites that were selected for the counts, both at local and 

flyway scale, and (2) if the periods when the counts are being made are when most of the tracked 

birds are already using the sites, based on the analysis of migratory phenology and turnover rates to 

determine seasonality and other temporal pa%erns in the movements of the birds. 

As subsequent steps, the changes between years need to be assessed by analysing the varia>on 

in all descrip>ve variables measured with tracking data, both spa>ally and quan>ta>vely, and for 

count data by means of trend analysis, where the changes in the es>mated popula>on sizes will be 

quan>fied. Combining these two data sets would then allow to (1) assess if the changes in the space 

and habitat use pa%erns along the years led to the emergence of new important areas, or the 

abandonment of other important areas in ways that warrant an update of the selec>on of count 

sites; (2) analyse the varia>on in the temporal pa%erns of occurrence caused by changes in migratory 

phenology, turnover rates, or in the seasonal movement pa%erns, and assess the need to update 

count periods and frequency; (3) reinterpret any trends depicted from count data by looking at 

possible large scale changes in the spa>al-temporal dynamics of the bird popula>ons that can bias 

count data (e.g., range distribu>on changes, persistent shiq in migratory phenology, change in 

habitat use and preference). 

Through a process such as the one described above, both data types can be integrated in 

complementary ways to improve monitoring at flyway scales. But in addi>on to that, the integra>on 

of both data sources will also improve how we interpret count data and poten>ate more accurate 

measures of popula>on sizes and trends. By using count data and a sufficiently large sample size of 

tracked birds, fair inferences can be made regarding the survival rates of the popula>on (combining 

popula>on trends and survival of tagged individuals) and the processes that might underline 

declining trends. Moreover, by informing about the areas where mortality might be more elevated, 

and where threats might be significantly affec>ng the species at popula>on levels, popula>on trends 

can be put into quite informing contexts. The contextualiza>on layer that tracking adds to count data 

is among the most powerful outcomes of their integra>on.  
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Step 8:  Transla9ng integrated monitoring results into management and conserva9on 

The final step within this framework for a roadmap is the same as the first step within management 

and conserva>on ac>on plans (Schwartz et al. 2018). Management decisions towards the purpose of 

flyway conserva>on should be based on what we know rather than on what we think, i.e. scien>fic 

knowledge (Schwartz et al. 2018) including the properly analysed data coming from monitoring 

programs. Nevertheless, the knowledge transpiring from an integrated monitoring se^ng, published 

as stepping stones in the scien>fic literature, needs to be made available to be used to design and 

implement conserva>on ac>on plans. This can be done (1) with targeted conserva>on and 

management reports, which reviews the research published in scien>fic journals, to translate the 

answers of the ques>ons into evidence-based management conserva>on recommenda>ons, with a 

decision-making perspec>ve; and (2) through communica>on targe>ng the society, with a%rac>ve 

and summarised formats (videos and films, presenta>ons, newsle%ers, social media posts, posters 

and flyers, radio spots, among others) focusing on conveying a few key messages deriving from the 

monitoring data captured within the research papers an conserva>on reports, and aiming at 

changing the perspec>ve of the general public and of target stakeholders like funders and 

governmental ins>tu>ons. There are issues in the real world. For examples, funding for the science is 

oqen taken for granted, especially leading to lack of investments in high quality data analysis and 

interpreta>on. What is usually poorly programmed also is the step that translates solid scien>fic 

knowledge into products that inform the general public (and this includes most managers and all 

policy makers) or even be%er, appeals to their imagina>on. It is our strong recommenda>on to give 

more a%en>on to both the science and the imagina>on in the future.  

 

10. An exercise budge9ng required resources to implement tracking into monitoring 

For the purpose of exemplifying an implementa>on of tracking into monitoring schemes, we made a 

budge>ng exercise for three representa>ve species taken from the priority species list (Annex 2), 

which we present bellow in Table 1. Note however that in this table, only costs related to the 

equipment and field work are included. Budge>ng for the implementa>on of tracking into 

monitoring schemes must account for various expenses beyond the costs associated with acquiring, 

deploying, and maintaining tracking devices; the required resources span over many other 

categories. In this sec>on we discuss the different costs that need to be considered. 

Tracking devices vary in price depending on the size, ba%ery life, and func>onality required for 

different bird species (Gould et al. 2024). Small and lightweight devices are essen>al for tracking 

smaller birds without impeding their natural behaviour, which oqen increases the cost. Addi>onally, 

the recurring costs of data transmission and device maintenance should be included in the budget, 
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as well as one-off costs related to the acquisi>on of suppor>ng equipment to download the data 

from the tags, like (mobile or sta>onary) antennas and receivers. 

Fieldwork expenses are another major considera>on and include travel costs for researchers to 

access remote breeding, stopover, and non-breeding residency sites across mul>ple countries in the 

flyway. Accommoda>on and subsistence costs for field teams can be unpredictably and highly 

variable, especially in remote or high-cost regions. The project also needs to budget for the 

equipment and supplies necessary for capturing and tagging birds, such as mist nets, cannon nets, 

bait, and tagging materials (including metal and colour rings, and ringing material). Safety equipment 

for field personnel, including first aid kits and communica>on devices, is essen>al to ensure the 

safety and efficiency of field opera>ons. Personnel costs are easier to budget, and encompass 

salaries for field researchers, technicians, and data analysts, as well as poten>al s>pends for local 

collaborators and volunteers. 

Data management and cura>on is also a cri>cal component of tracking projects. Budge>ng for 

data managing soqware, database management systems, and poten>ally cloud storage solu>ons, 

including cyber security, is necessary to handle the large volumes of data generated by tracking 

devices. The costs of training for researchers and data managers in using these tools should be 

considered. 

Among the most relevant, but oqen underfunded parts of this process is data analysis, 

interpreta>on, and scien>fic repor>ng. The massive amounts of data collected will need to be 

handled by highly skilled researchers, that will try to answer the different ques>ons by thoroughly 

analysing the data and preparing manuscripts with the results for publica>on. This will require 

funding for the human resources needed for this, and also >me to allow a proper analysis and 

interpreta>on of the data, and publica>on of the outputs. Effec>ve communica>on and 

dissemina>on of research findings are essen>al for conserva>on impact. Budget alloca>ons for 

publishing results in open-access mode in scien>fic journals, crea>ng outreach materials, and 

a%ending conferences to present findings are important to ensure that the data informs 

conserva>on strategies and policies. Similarly, the transla>on of the obtained results to management 

needs to be conducted by qualified personnel, who will ensure that the results of the research are 

boiled down to conserva>on recommenda>ons. Not less important is including feedback to local 

communi>es and ins>tu>ons that par>cipated in data collec>on, and an engagement to presen>ng 

the results in comprehensible ways to these stakeholders and society sectors needs financial 

investment but has massive returns at a longer term.  

Capacity building is crucial to achieve data equity at a flyway scale and improves data quality 

and quan>ty by ensuring local ownership of monitoring schemes. This requires long term investment 
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from the implementa>on consor>um, with different forms of capacity building needed, including 

training in field methodologies to local stakeholders, field courses to students and protected area 

professionals, and higher-level engagement by promo>ng master and PhD degrees for local students 

and local researchers. Raising capacity locally in all stages of tracking projects, from design to data 

collec>on, analysis, interpreta>on and publica>on, requires significa>ve financial investments, but 

has been proven cri>cal to achieve successful conserva>on (Şekercioĝlu 2012, Schmeller et al. 2017, 

Lucrezi et al. 2019). 

 
11. Final considera9ons 

Bird counts have been and con>nue to be a powerful tool for monitoring waterbird popula>ons, 

providing vital informa>on for conserva>on efforts (Moussy et al. 2022). Nevertheless, they 

represent one among several data types that are required to support a truly effec>ve flyway 

conserva>on. In this work we introduce the different types of knowledge needed for this purpose, 

and the types of data that need to be collected to build such varied knowledge. While recognizing 

the value of count data, we analyse in detail why and how count data in isola>on are limited and 

insufficient to monitor bird popula>ons, aiming at ensuring their flyway-wide conserva>on. Focusing 

on tracking data, we offer sustained arguments on how this data type can address the limita>ons of 

count-data and propose a framework with clear steps for a roadmap to combine tracking and count 

data into an integrated monitoring scheme. The proposed framework can be applied to all flyways of 

the world, and although this review is focused on coastal waterbirds as a case study, the concepts 

discussed and presented are not limited to this study system, being applicable to any bird group. 

Among the most important considera>ons for an integrated monitoring set up is the need to 

recognize the importance of long-term commitments and necessary investments for both tracking 

and count efforts at flyway scales. The lack of con>nuous funding or long-term involvement and 

commitment of ins>tu>ons and stakeholders to tracking efforts aiming at improving monitoring is 

one of the main impediments hampering the building of the required knowledge blocks. This is 

frequently due to the current way funding streams for research and conserva>on are organized at 

global and local scales, which are insufficient to sustain long-term efforts. Designing and 

implemen>ng the roadmap proposed here requires a change in the way these investments are 

perceived. 

In this work we present arguments to promote the integra>on of tracking into current and 

future monitoring se^ngs. However, we feel the need to call a%en>on to the fact that careful and 

informed species selec>on for a wider tracking effort is not only useful to help direct efforts, but also 

a tool to avoid the tempta>on of “tracking everything that moves”. Fi^ng tracking devices onto birds 



Henriques and contributors, 2024 
 

 38 

involves significant risks and disturbance to individuals, sites, and popula>ons (Bowlin et al. 2010, 

Weiser et al. 2015, Lameris et al. 2018, Geen et al. 2019, Pakanen et al. 2020). There is therefore an 

ethical component regarding the trade-offs between disturbing birds and learning from their 

movements. In this sense, only the most adequate species (see sec>on 9 and 10, and Annex 2) 

should be considered for tagging, and mass disturbance of all species for tracking are rarely 

beneficial, with few excep>ons related to local scale projects with minimal tag effects (e.g. Bijleveld 

et al. 2022). Moreover, moving forward, we believe there is a need to reinforce studies assessing the 

impact of tracking devices and trapping prac>ces on bird individuals and popula>ons, par>cularly 

focused on species and tracking devices for which there is a lack of evidence on this regard. Such call 

has been made by Lameris & Kleyheeg (2017), which showed that the increase in the number of 

waterbirds tracking studies in the scien>fic literature was not accompanied by an increase of reports 

on impacts of tracking on individuals and popula>ons. Ensuring that tracking prac>ces follow strict 

ethical rules is essen>al to build trust among all stakeholders in an integrated monitoring framework, 

as well as from the society in general. (Lameris & Kleyheeg 2017) offer an excellent framework for 

standardizing the repor>ng of methods in primary tracking studies and standardized protocols to 

measure effects of tracking devices on waterbirds.  

With the advancement of new technologies and diversifica>on of the offer of tracking devices in 

the market, prices begin to significantly decrease, making the technology more accessible for 

researchers. Nevertheless, the avenue of the inclusion of tracking into flyway scale monitoring will 

also poten>ally promote an increase in the regional inequity, par>cularly regarding the access to 

tracking technologies and the skill set required to integrate them into monitoring programs. This is 

due to financial capacity, and historical conserva>on and research context being vastly different 

among low- and high-income regions of the world (Nuñez et al. 2019, Soares et al. 2023). Regional 

inequity in knowledge produc>on and access is by now widely known within the scien>fic 

community (Nuñez et al. 2021). Metrics comparing low- and high-income regions in subjects like the 

number of publica>ons, access to key ecology journals, or the number of collabora>ons and co-

authorships, are a tes>mony of this inequity (Gui et al. 2019, Nuñez et al. 2019, 2021). Flyway 

conserva>on is by defini>on global, in the sense that it relies on knowledge from different parts of 

the world (Nuñez et al. 2021), which are interconnected by the migratory movement of birds. But it 

is also local, as understanding local environmental condi>ons and pressures is essen>al to frame or 

answer ecological ques>ons about migra>on and about popula>on trends (Aubin et al. 2020). True 

understanding of these global ecological pa%erns can only come when data collec>on and availability 

is balanced along the flyway (Nuñez et al. 2021), which in turn, is only possible if local knowledge 

genera>on, led by local-based research, is strong enough in all regions of the flyway (Aubin et al. 
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2020, Soares et al. 2023). This concept, to which we refer to as “Glocal Ecology”, should be at the 

heart of the integrated monitoring framework proposed here. 
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Table 1. Es-mated costs of flyway scale tracking for 3 representa-ve species selected from Table S3 in Annex 2 of the report. 

Study 
system Gaps/Ques/ons Tracking system type 

Tracking 
system cost 

(one-off) 

Tracking 
system 

cost 
(annual) 

Sample 
size 

Number 
of sites 

Field 
work 

Catching 
equipment Team 

Salary 
personnel Total per year Total one off 

Common 
Tern 

Missing imortant sites 

Interlink Nano (hHps://interrex-
tracking.com/nano/; or GPS-GSM 

without solar pannel (hHps://www.gm-
tracking.com/lightest-gpsgsm-5g-

hqbg0603-product/) 

5000 1000 20 2 10000 5000 2 9000 96000 15000 

Connec/vity 

Seasonality 

Distribu/onal range 
changes/Flyway boundaries 

Poorly covered species 

Demographic structure/age-sex 
spa/al-temporal segrega/on 

Popula/on structure/Mixed-
popula/ons or sub-species 

Func/on of the sites 
ATLAS 20000 60 100 2 15000 5000 2 9000 78000 45000 

Turn-over at sites 

Bar-tailed 
godwit 

Missing imortant sites 

GPS-GSM (hHps://www.gm-
tracking.com/global-tracking-hqbg1205-

with-acc-sensor-product/; 
hHps://interrex-tracking.com/mini/ ; 
hHps://druid.tech/products/debut-

series/debut-mini/) 

0 1200 20 3 25000 7500 5 9000 282000 7500 

Connec/vity 

Seasonality 

Distribu/onal range 
changes/Flyway boundaries 

Poorly covered species 

Popula/on structure/Mixed-
popula/ons or sub-species 

Demographic structure/age-sex 
spa/al-temporal segrega/on 

Func/on of the sites ATLAS 20000 60 100 2 30000 7500 5 9000 162000 47500 
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Turn-over at sites 

Sanderling 

Missing imortant sites 

Interlink Ultra (hHps://interrex-
tracking.com/ultra/; 

hHps://druid.tech/products/customized-
solu/ons/ultra/) 

5000 1500 20 3 25000 7500 5 9000 300000 22500 

Connec/vity 

Seasonality 

Distribu/onal range 
changes/Flyway boundaries 

Poorly covered species 

Demographic structure/age-sex 
spa/al-temporal segrega/on 

Func/on of the sites 
ATLAS 20000 60 100 2 30000 7500 5 9000 162000 47500 

Turn-over at sites 

Note 1: Prices are rough es-mates in Euro. This budget is made with a flyway scale approach in mind. There is also local scale endevours that should be considered, for which 
similar ques-ons can be addressed using different tracking methods and technologies, and even different study systems 

Note 2: Explana4on of columns 
Study system: example of 3 representa-ve study systems to calulate resources needed for tracking 
Gaps/Ques-ons: Related to sec-on 8 of the report 
Tracking system: Type of tracking device adequate for the species and for the gaps/ques-ons to be addressedd 
Tracking system cost (one-off): unit price of support equipment for tracking devices (antennas and other infrastrucutural costs) 
Tracking system cost (annual): unit price of tracking devices (including recurrent data costs) 
Sample size: recomended  number of birds to track annually in each site 
Number of sites: number of sites where count is being conducted in the flyway where trackers will also be deployed 
Field work/catching: expenses incluing field trip costs like travel, accomoda-on, food, licenses, access 
Team: number of people required in catching teams 
Salary personnel: salary costs per team member per catching expedi-on (assuming a consultancy daily rate of 600 eur and 15 days of field work per site per year)  
Total per year: Calculated as: (Tracking system cost (annual) x Sample size x Number of sites) + (Field work/catching x Number of sites) + (Team x Salary personnel x Number 
of sites) 
Total one-off: Calculated as: (Tracking system (one-off) x Number of sites) + Catching equipment 
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Annexes 

Annexes to report Towards an improved flyway monitoring: A heuris4c framework to integrate 

count and tracking data 

 

Annex 1 Further details on the selec9on of tracking technology and device fi`ng 

Wildlife tracking is a cri>cal tool for understanding animal movement and behavior, providing 

essen>al informa>on for conserva>on efforts. While various tracking methods exist, electronic 

tracking devices have revolu>onized the field by offering detailed insights into animal movements, 

migra>on pa%erns and space use at unprecedented scales. However, selec>ng the appropriate 

tracking technology can be challenging, especially for small to medium-sized migratory shorebirds 

due to their size and weight constraints. 

 

1. Tracking technology 

The ideal tracking device for waterbirds, par>cularly for small shorebirds, would be lightweight, 

durable, have a long ba%ery life, allow for remote data download, be easy to a%ach, and provide high 

spa>otemporal resolu>on data at a low cost. However, while current technology is already achieving 

this ideal for larger-sized birds like geese, this is s>ll pre%y much under development for smaller (i.e., 

<500 g; (Iverson et al. 2023) species, due to limita>ons in power supply weight and the need for 

frequent, high-resolu>on loca>on fixes over extended periods (Iverson et al. 2023, Gould et al. 

2024). 

An effec>ve choice of device depends on the applica>on's purpose. Playorm Transmi%er 

Terminal (PTT) Doppler devices are suitable for long-distance tracking due to their smaller size and 

lighter weight (around 2g), but they offer lower resolu>on loca>on data (250m-1500m) and are 

expensive (~ $4450+ USD; Table S1; 

h%ps://www.microwavetelemetry.com/avian_transmi%er_pricing) (Gould et al. 2024). Global 

Posi>oning System (GPS) devices are be%er suited for tracking smaller-scale movements as they 

provide higher resolu>on data (down to 5m) and are oqen more cost-effec>ve (ranging $1000 – 

$3000 USD; Table S1), but they tend to be heavier (star>ng at 3g+, but oqen ca. 5g+; 

h%ps://www.gm-tracking.com/products/) (Gould et al. 2024). GPS devices can be further 

categorized into satellite GPS devices, which allow for remote data download, and GPS short-range 

download (SRD) devices, which require the bird to be within a certain range of a receiver sta>on for 

data retrieval (Gould et al. 2024). Satellite GPS devices are ideal for long-range studies but can be 

https://www.microwavetelemetry.com/avian_transmitter_pricing
https://www.gm-tracking.com/products/
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expensive, while GPS SRD devices are more affordable but limited by their range (see Table S1 and 

S2). Other op>ons include radio telemetry and light-level geolocators. Radio telemetry, especially 

automated systems like MOTUS and ATLAS, are lightweight, inexpensive, and widely used for bird 

movement studies, but they require the bird to be within the vicinity of a receiver and are limited to 

specific geographic areas. Light-level geolocators are the lightest and cheapest op>on, but they offer 

the lowest spa>al resolu>on data and require recapturing the bird to retrieve the data (Bridge et al. 

2011, Guilford et al. 2011, Iverson et al. 2023, Gould et al. 2024). Table S2, extracted from 

(Gould et al. 2024), offers a detailed descrip>on on different tracking devices. 

The plannifica>on of new tracking efforts need to have very solid founda>ons set on previous 

experiences and on the knowledge accumulated on the course of the last two decades of expansion 

of tracking studies in the waterbird domain (Bridge et al. 2011, Guilford et al. 2011, Michel et al. 

2024). A recent review by Iverson et al. (2023) found that 61% of studies on small birds (<500g) 

used PTT tags, followed by 22% using GPS-transmi%ers and 19% using GPS-archival tags. The authors 

also found that PTT tags had the highest success rate (85%) compared to GPS-transmi%ers (50%) and 

GPS-archival tags (17.5%). Another recent study by Michel et al. (2024) found that VHF radio tags 

were the most common type of tracking device used in the early period of shorebird tracking (1982-

2009), but GPS transmi%ers have become the most popular choice since 2018. 

 

2. Device fiEng and deployment 

A%aching tracking devices to birds also requires careful considera>on. The method of a%achment 

should minimize nega>ve impacts on the animal's welfare and behavior. While invasive methods 

were used in the past (Geen et al. 2019), external a%achments like leg loop harnesses or full body 

harnesses (chest harnesses) made with soq, degradable materials are now preferred (Gould et al. 

2024). The choice of a%achment method depends on the bird's morphology, behavior, and the study 

dura>on. Full body harnesses can be used for birds with compact body shapes, like Red Knots Calidris 

canutus, but they may interfere with their preening behavior due to their long bills(Chan et al. 

2016). Leg-loop harnesses are suitable for long-legged shorebirds but may not be appropriate for 

species with no external knee, which is again the case for Red Knots (Chan et al. 2016). Materials 

used for harnesses include Teflon, nylon, Dacron, beading elas>c, and surgical silicone tubing 

(Lameris et al. 2018, Gould et al. 2024). Teflon, nylon, and Dacron are not elas>c and may cause 

abrasion or restrict movement if not fi%ed properly. Beading elas>c is more flexible and can 

accommodate changes in body size, but it is less durable. Surgical silicone is a more permanent 

op>on but may be heavier. The choice of material depends on the study dura>on and the bird's 
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behavior and morphology. For instance, Teflon ribbon has been used successfully in leg-loop 

harnesses for small and medium-sized birds without adverse effects, while beading elas>c has been 

used in Latham's Snipe tracking studies with tags and harnesses las>ng for over a year (Gould et al. 

2024). Iverson et al. (2023) and Michel et al. (2024) reported in their reviews that most studies 

used harnesses to a%ach tags to birds, with only a few using internal implants or feather mounts. The 

tag load used in these studies typically ranged from 0.5% to 5% of the bird's body mass, with most 

studies using tag loads of less than 3%. 

In addi>on to choosing and fi^ng the device, data management is another considera>on that 

needs to be taken into account. There are a number of playorms available to manage data from 

tracking devices. Some are manufacturer-specific, like the Ecotopia app used for Druid GPS Bluetooth 

tags (h%ps://druid.tech/ecotopia/), while others are mul>-user playorms like CLS ARGOS 

(h%ps://telemetry.groupcls.com), which is used by various device manufacturers like Lotek 

(h%ps://www.lotek.com) and Microwave Telemetry (h%ps://www.microwavetelemetry.com/home). 

The Motus Wildlife Tracking System (h%ps://motus.org) is a collabora>ve network that uses 

coordinated automated radio telemetry and has its own data management playorm. Finally, 

Movebank (h%ps://www.movebank.org/cms/movebank-main) is a freely accessible playorm that 

allows researchers to manage, share, analyze, and archive animal movement and biologging data 

from various tracking methods. It also collaborates with ARGOS and Motus to offer integrated data 

management solu>ons, and it is becoming increasingly popuar among researchers. Although only 

27.2% of publica>ons reviews by (Michel et al. 2024) reported archiving tracking data in 

repositories, this prac>ce has been increasing over >me. 
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Table S1. Comparison of technology available for tracking small migratory shorebird birds under 200g as of November 2023. Extracted from Gould et al. (2024). 
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Table S2. Descrip-on, advantages and limita-ons of technology used for obtaining movement data from migratory 
shorebirds under 200g. Extracted from Gould et al. (2024) 

Type Descrip`on  Advantages Limita`ons 
GPS Satellite (Solar 
or non-
rechargeable 
ba]ery). Remote 
data download.  

Loca0on data recorded via GPS receiver 
using satellites. Relayed to central data store 
or internet connected computer (wi-fi or 
cellular data). Loca0on ploUed on map (5, 
6). Lifespan depends on sexngs - very 
frequent readings drain baUery power 
whereas longer intervals between readings 
use less power. Solar recharges baUery. 

Accurate (down to 5m) 
and useful for studies that 
require fine scale 
movement data. 
Frequent data readings. 
Records speed and 
al0tude. 
24-hour data. 
Low human interference 
required once affixed. 
On board storage. 
High download op0ons. 

Too heavy (5g+) for birds 
under 200g (especially 
with solar panel). 
Expensive (~A$1000+ 
depending on device). 
 

Doppler (PTT)  Transmit data via satellite systems which 
es0mate posi0on using the Doppler effect, 
the shiv in wavelength of a transmiUed 
radio frequency signal between an overhead 
satellite and a ground-based component 
which calculates PTT posi0ons. Raw data 
processed to extract transmiUed 
informa0on (2, 6). Data downloaded directly 
from carriers. Argos is the primary global 
provider of animal satellite data 
transmission, but there are others such as 
Iridium.  

Light (down to 2g). 
Low human interference 
required once affixed. 
Data can be obtained 
remotely from anywhere 
on earth over a rela0vely 
long 0me-period (e.g. two 
years or more). 

Expensive (~A$5000+). 
Lower accuracy than GPS 
(250m -1500m compared 
with 5m for GPS). 
BeUer suited to global 
migra0on studies where 
fine scale movement data 
is not cri0cal. 
No on-board storage. 
Minimal download 
op0ons.  

GPS UHF or VHF 
SRD (Short range 
download). Ba]ery 
or solar.  

GPS devices receive signals from at least 
three satellites (oven many more) 
simultaneously to determine posi0on to 
within metres. The devices store this data 
which is then transmiUed using Bluetooth, 
cellular network, UHF or VHF. Receiver 
sta0ons may be installed or internet-
enabled devices such as smart phones may 
be used with or without relay hubs. 
 

Accurate (down to 5m). 
Light (down to 2.0g) 
Tags inexpensive 
(~A$200ea). 
Receivers more expensive 
but long life (~A$1200). 
High on-board data 
storage. 
 

Need receiver or cellular 
network in a compa0ble 
frequency to download 
data. Can be mounted on 
drones to increase range. 
Animal has to be within 
the vicinity of one or more 
receiver sta0ons for data 
to be downloaded (17, 
23).  
High labour if numerous 
receivers are required. 
High risk of loss if birds 
leave area. 
In some countries like 
Australia, certain 
frequencies clash with 
emergency services 
frequencies and can’t be 
used. 

Automated Radio 
Telemetry (e.g. 
MOTUS, ATLAS)  

Radio-tracking with automated receivers, 
such as those associated with the Motus 
network or ATLAS, in combina0on with 
digitally coded tags (which contain a special 
code that uniquely iden0fies the device) 
enable many birds to be tracked 
con0nuously and simultaneously across 
broad landscapes. Motus supports two 
types of uniquely coded radio transmiUers 
and has been deployed in more than 850 
receiving sta0ons across 28 countries on 6 

Light. Tags range in size 
from ~0.2 g to ~2.6 g, 
Accurate (down to 5m) but 
depends on number of 
receivers. 
Inexpensive (price varies 
but generally A$200 or 
less). 
Lifespans vary from 20 
days to many years 
depending on the model.  

Birds need to be in the 
vicinity of a receiver 
(<1km) and these 
networks are limited to 
specific geographic areas 
(mostly in the northern 
hemisphere). 
Limited by the strength of 
the signal emiUed by the 
tag.  
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con0nents (24). ATLAS comprises six 
systems in four different countries (25) 

Widely used for bird 
movement studies. 

Configura0on and loca0on 
of receivers needs to be 
considered if being set up 
independent of an exis0ng 
network. 
Need to ensure tag 
transmission frequency 
matches that of the 
receiver. 

Manual 
Radiotracking 

VHF tags transmit a VHF radio signal which 
can be detected from the ground or air by a 
radio receiver in the form of a hand-held 
antenna. This enables researchers to locate 
and track the radio-tagged animal in real 
0me. 

Light (<3g). 
Inexpensive. 
Can be glued on (short 
term deployment). 
 

Low accuracy – general 
loca0on only. 
Need to be within the 
vicinity of the tag (<100m) 
High labour. 
More accurate 
technologies are now 
available at a comparable 
cost.  

Light Level 
Geoloca`on 

Record light-level in lux that can be used 
with 0me and data-stamp to es0mate the 
coordinates of an animal’s loca0on. Can also 
be fiUed with temperature and salinity 
loggers (2, 26, 27). Many different types 
available. 

Light (<1g). 
Inexpensive (<A$150) 
Very small (can be 
mounted on leg flags). 

Need to re-capture animal 
to retrieve data. 
Very low accuracy 
(kilometres) and requires 
detailed data calcula0ons 
to determine loca0ons. 

Biologging Biologging is a broad term that refers to the 
use of different technologies to learn about 
animal behaviour. Examples include camera 
traps (video and s0ll) to record foraging 
behaviour, or accelerometers to measure 
energy budgets. Oven used in conjunc0on 
with tracking technology to provide insight 
into behaviour. 

Variety of techniques that 
can complement other 
tracking technologies. 
Wide variety of op0ons 
available. 
Can provide detailed 
insights into animal 
behaviour. 

Not used as a tracking 
technology in isola0on.  
Not broadly applicable – 
generally used for a very 
specific purpose. 
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Annex 2: Considera9ons on the selec9on of priority species for an integrated flyway monitoring in 

the East Atlan9c Flyway 

1. Priority species at a gloal level 

Michel et al. (2024) conducted a comprehensive review of the scien>fic literature on shorebird 

tracking studies at a global scale to assess the current state of knowledge and iden>fy gaps and 

priori>es for future research and conserva>on efforts. The study encompassed 353 publica>ons 

covering 73 shorebird species from five families, revealing significant dispari>es in data availability 

across species and regions. The research highlighted a bias towards migratory species and those of 

intermediate body size, with over half of the shorebird species lacking any tracking publica>ons. 

Geographic dispari>es were also evident, with data availability concentrated in temperate regions 

and migratory routes passing through wealthier countries, while the Global South remained largely 

understudied. The take away of this is that there are currently an implicit bias on our knowledge of 

the different flyways due to this disparity, which qualifies as a significant gap that needs to be 

addressed even for species that are well covered by tracking studies. 

The study by (Michel et al. 2024) also iden>fied 13 priority species for future tracking research 

based on their conserva>on needs, lack of exis>ng data, and the poten>al of tracking to inform 

conserva>on ac>ons (see Table 4 of Michel et al. 2024). These species are primarily found in the East 

Asia/Australasia flyway and South America, highligh>ng the need for increased research efforts in 

these regions. The priority species iden>fied were: Imperial Snipe (Gallinago imperialis), Australian 

Painted Snipe (Rostratula australis), Spo%ed Greenshank (Tringa gu]fer), Sulawesi Woodcock 

(Scolopax celebensis), Diademed Plover (Phegornis mitchellii), Hooded Plover (Thinornis cucullatus), 

Malaysian Plover (Charadrius peronii), White-faced Plover (Charadrius dealbatus), Asian Dowitcher 

(Limnodromus semipalmatus), Curlew Sandpiper (Calidris ferruginea), Fuegian Snipe (Gallinago 

stricklandii), Javan Woodcock (Scolopax saturata), and Slender-billed Curlew (Numenius tenuirostris). 

Of these, the Spo%ed Greenshank, White-faced Plover, Asian Dowitcher, Curlew Sandpiper, and 

Slender-billed Curlew are found in the East Atlan>c Flyway. The authors emphasized the importance 

of coordinated efforts among researchers and conserva>on actors to strategically deploy tracking 

devices and archive data in accessible repositories to maximize the impact of shorebird tracking 

studies. The study's findings serve as a call to ac>on for the research community to priori>ze data 

collec>on and sharing to address the conserva>on challenges faced by shorebirds globally, together 

with the conserva>on community and managers of the areas these birds depend on. 
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2. Priority species for the East Atlan9c Flyway 

Crea>ng comprehensive lists for priority waterbird species based on the East Atlan>c Flyway involves 

thorough analysis of scien>fic literature and data on knowledge gaps specifically targe^ng this 

region. Although (Michel et al. 2024) makes very strong advancements in providing this 

informa>on, it is offered at a global scale. In addi>on, the conserva>on status used in the 

priori>za>on of species is also assessed at a global, including popula>ons of all flyways. Nevertheless, 

based on current knowledge on popula>on trends in the flyway as of 2020 (van Roomen et al. 

2022), we made an exercise to highlight a list of species of conserva>on priority in the East Atlan>c 

Flyway.  

Using as guidance the priority species selec>on criteria presented in sec>on 10, Step 3 of the 

report, we offer in Table S3 a list of 11 poten>al priority species to implement tracking combined 

with count data for an improved monitoring set up in the East Atlan>c Flyway. The list only includes 

species that we consider that are possible to track safely, i.e., without significantly impac>ng the 

survival and behaviour of the individuals and of the popula>on, and species that are logis>cally 

accessible for catching and for recovering data from the tags. The list was build in such way that it 

includes a variety of species responding to the key criteria of species selec>on, namely (1) species 

that can serve as sen>nels of change in their environments, (2) species represen>ng different 

habitats, behaviours, size classes, behaviours, diets, migratory pa%erns, and range distribu>on 

(coverage) in the flyway, (3) species represen>ng different conserva>on status and trends in the 

Flyway, and (4) species represen>ng both study systems we already have longer term data and 

experience on, which serve as the best for monitoring changes reliably on their environment, and 

study systems on which very li%le informa>on exists yet, qualifying as a priority for the knowledge 

gaps on their ecology and on the habitats they use. Note that the propor>on of Scolopacidae 

shorebirds in the list is quite high, mirroring their conserva>on priority, as they suffer the highest 

declines among all waterbirds in the East Atlan>c Flyway (van Roomen et al. 2022), and also the 

accumulated experience tracking these species in the last decade (Michel et al. 2024). 
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Table S3. List of proposed priority species to develop an integrated monitoring set up combining counts and tracking data in the East Atlan-c Flyway. All species are already 
assumed to be possible to track logis-cally and in terms of the individuals and popula-on safety.  

Species Family 
Weight 
(grams, 

min - max) 

Max. 
Tracking 
device 
weigth 

EAF coverage EAF S-trend Habitat Diet 
Existing 

ecological 
knowledge 

Existing 
tracking 

expertise 

Knowledge 
gap level 

Num. 
populations 

in EAF 

Brent goose Anatidae 800 - 1510 24 Arctic - North Spain Stable 
Coastal saltmarsh 

Seagrass 
Grassland 

Grass / seagrass High High Low 3 

Eurasian 
spoonbill Threskiornithidae 1130 - 1960 34 North West Europe - 

Mauritania Strong increase 
Coastal 

 Estuaries 
Wetlands 

Fish / shrimp Medium Medium Medium 2 

Common 
tern Laridae 113 - 144 3.5 Scandinavia/South 

Siberia - South Africa Stable Coastal 
Subtidal Fish Medium Low Medium 3 

Eurasian 
oystercatcher Haematopodidae 465 - 640 14 North European / Iceland 

- West Africa Moderate decline Variable Variable High Medium Medium 1 

Grey plover Charadriidae 200 - 290 6 Arctic - Guinea golf Moderate decline Intertidal Macrozoobenthos Medium Medium High 1 

Sanderling Scolopacidae 46 - 73 1.5-1.7 Arctic - South Africa Stable 
Sandy coasts 

Sandy intertidal 
flats 

Macrozoobenthos 
- Crustaceans Medium Low High 2+ 

Curlew 
sandpiper Scolopacidae 49 - 79 1.5-1.7 Arctic - Golf of Guinea Strong decline Intertidal Macrozoobenthos Low Low High 1 

Red Knot Scolopacidae 120 - 158 3.5 Arctic - South Africa Moderate decline Intertidal Macrozoobenthos 
- Bivalves High Low Medium 2 

Bar-tailed 
godwit Scolopacidae 244 - 360 7 Arctic - South Africa Moderate decline Intertidal Macrozoobenthos 

- Polychaetes High Medium Medium 2 

Whimbrel Scolopacidae 355 - 522 10.5 Arctic - South Africa Stable Intertidal 
Grass meadows 

Macrozoobenthos 
- Crustaceans High Medium Medium 2 or 3 

Black-tailed 
godwits Scolopacidae 240 - 360 7 West Europe - West 

Africa Declining 
Intertidal 

Rice fields 
Grass meadows 

Variable High High Medium 2 
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