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A B S T R A C T   

The coastal zone is subject to growing recreational human activity, which may compromise the suitability of 
coastal habitats for coastal wildlife. Waders rely extensively on the coastal zone, and they are easily disturbed by 
human activity when they congregate in large flocks at communal high tide roost sites. To ensure sustainable 
future development of outdoor recreational activities, emphasis has been given on differentiating between areas 
prioritized for nature conservation and areas open to human recreation, but only rarely have nature conservation 
interests been mapped explicitly on a fine spatial scale. The Danish Wadden Sea has recently been identified as a 
high-conflict area between outdoor activities and waterbirds, and in this paper, we apply 40 years of bird counts 
covering 12 wader species to build a priority map identifying the most important areas for the future conser-
vation of waders in the region. We outline the most important areas for roosting waders across the Danish 
Wadden Sea, describe the preferred habitats used for roosting at high tide and assess the persistence of impor-
tance of individual areas across 4 decades. Our analysis indicates that importance changes only little even on 
long temporal scales, demonstrating that the presented priority map will be a useful tool for managers and policy 
makers when planning the sharing of the Wadden Sea between humans and waders. As such, spatially referenced 
long-term monitoring data may significantly improve the scientific basis underpinning decision- and policy-
making, and ensure that nature conservation interests are explicitly accounted for.   

1. Introduction 

Around the globe, coastal zones are important for both biodiversity 
and human recreation, which may lead to conflict between the protec-
tion and preservation of species and habitats, and the wish to accom-
modate coastal recreational activities (Dominguez-Tejo et al., 2016; 
McLachlan et al., 2013; Pogue and Lee, 1999; Rees et al., 2010). 
Balancing societal and natural objectives is often a challenging task, and 
contemporary human incentives often conflicts with the long-term ob-
jectives of nature protection (Costanza et al., 1993; Sherman and Duda, 
1999). In recent years, the coastal areas of northwest Europe have been 
subject to growing recreational human activity, resulting from increased 
interest in both land- and water-based activities such as outdoor life, 
hiking, sailing, watersports and angling (Ceballos-Lascurain, 1996; 
Kenchington, 1993; Polwijk et al., 2018). Because these activities allow 
people to engage with nature and obtain recreational benefits, they are 
often associated with high societal value (Jennings, 2007; Kline and 
Swallow, 1998). At the same time, many species of wildlife are vulner-
able to human disturbance, and the growing human pressures in coastal 

areas may compromise the future of these areas as suitable habitats (e.g. 
Crain et al., 2009; Hockin et al., 1992; Krüger, 2016; Schlacher et al., 
2013). Future coexistence of wildlife and humans in the coastal zone 
therefore require successful planning and management. 

Ensuring a sustainable development of human recreation in the 
coastal zone relies on integrating human interests with more-than- 
human considerations, and the ability to balance multiple objectives 
to accommodate both wildlife and humans. The development of inte-
grated coastal zone management approaches (e.g. Post and Lundin, 
1996; Enemark, 2005) often include environmental considerations and 
sustainability in their declarations of intent, but despite good intentions, 
nature conservation interests have rarely been properly mapped 
(Lundberg 1988; van der Meulen and de Haes, 1996; Kalen, 2006). In 
order to further develop and advance the concept of integrated coastal 
zone management, tools are needed that specifically mark out important 
environmental considerations in time and space. This may allow for a 
differentiation between areas prioritized for nature conservation and 
areas open to human recreation (“Zoning”, e.g. Clark, 1997; Stigner 
et al., 2016). The process of selecting and prioritizing areas for nature 
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conservation relies on knowledge of the spatiotemporal distribution of 
targeted species and habitats. Inference should be based on data 
covering long time series, include a number of different species and give 
special consideration to taxa that are either threatened or for which the 
area in question is of high importance. The current growing demand for 
further human access to coastal natural habitats calls for urgent atten-
tion from managers and policy makers, on how to plan the sharing of 
coastal areas between humans and wildlife (Dominguez-Tejo et al., 
2016). 

Waders - also known as shorebirds - are a group of species that de-
pends heavily on the coastal zone and its habitats, for feeding, roosting 
and (in some species) nesting (Delany et al., 2009; Stroud et al., 2006). 
While waders generally can be found along all shallow-water coasts, a 
number of areas throughout the Western Palearctic support particularly 
large numbers, and may be regarded as of utmost importance (Delany 
et al., 2009). The Danish Wadden Sea belongs to this group of important 
areas, with thousands of waders exploiting the vast shallows throughout 
the annual cycle (Blew et al., 2016; Koffijberg et al., 2015). At low tide, 
waders are scattered over large areas in search of food on the exposed 
intertidal sand- and mudflats, but at high tide, the birds are forced to 
congregate in large flocks at communal high tide roosts. These roost sites 
are supratidal and usually on slightly elevated areas such as sandbanks, 
saltmarshes, dikes or near-coastal shallow lakes (Koffijberg et al., 2003). 
The factors that influence roost choice likely include predation risk and 
disturbance rates, as well as the energetic costs of commuting between 
the foraging areas and the potential roost sites (Rogers, 2003; Rosa et al., 
2006). The choice of roost site at high tide can vary among species and 
with changing water levels, weather, distance to feeding areas, human 
disturbance and occurrence of predators, but little is known about the 
persistence and/or dynamics of specific roost sites on long temporal 
scales (Colwell et al., 2003). In terms of preservation, roost sites are 
particularly important due to the high concentration of birds and the few 
alternatives that the species may be able to choose among at high tide, 
meaning that human disturbance at these roost sites will often lead to 
large impacts in terms of numbers affected and effects on energetics 
(Lilleyman et al., 2016; Rogers et al., 2006). The safeguarding of high 
tide communal roost sites is therefore one of the most important tools for 
the conservation and protection of birds in the Wadden Sea area. 

There is currently an emphasis on providing mechanisms to ensure 
sustainable development of outdoor recreation with respect to envi-
ronmental impacts (Enemark, 2005; Kabat et al., 2012), and in order for 
this planning and management to be successful, data about the 
spatio-temporal distribution of affected species is needed to support 
knowledge-based decision-making. Based on long time-series of wader 
counts in the Danish Wadden Sea, we create a priority map to identify 
areas holding important roost sites for the waders exploiting the Wadden 
Sea, thereby pinpointing potential areas for protection in future coastal 
planning. The aims of this paper were to 1) Identify the most important 
areas for waders at high tide in the Danish Wadden Sea at different times 
of the year, 2) Describe the seasonal variability in importance of the 
Danish Wadden Sea in individual wader species, 3) Identify the most 
important roost habitats (cf. section 2.5) for the species exploiting this 
area and 4) Based on four decades of survey data, evaluate to what 
extent the importance of a given area persisted or changed over time. 
This could guide managers and policy makers in how best to organize 
human activities in and near areas of high importance to waders in the 
Danish Wadden Sea, and reduce the risk of future conflicts. We conclude 
by emphasising the need for proper integration of nature conservation 
values in integrated coastal zone management approaches. 

2. Methods 

2.1. Study area and focal species 

The Wadden Sea is one of the world’s largest intertidal wetlands 
bordering the coasts of the Netherlands, Germany and Denmark. The 

present study was carried out in the Danish part of the Wadden Sea (lat, 
long: 55.26, 8.61; hereafter referred to as the Wadden Sea or the Danish 
Wadden Sea), which is part of one of the most important wetlands in the 
world (Reise et al., 2010). The vast areas of intertidal sand- and mudflats 
supports feeding areas for many wader species that stop over to build up 
reserves before moving on towards their southern wintering grounds or 
northern breeding grounds. The area is also used for moulting and 
wintering as well as for breeding depending on the species (Kleefstra 
et al., 2019.; Koffijberg et al., 2020). The marine part of the Danish 
Wadden Sea covers 1134 km2 and is bordered by 301 km2 of saltmarshes 
and polder areas. The tidal amplitude is c. 1.8 m, but the height of the 
water increases at spring tides and during periods with westerly winds, 
which are common in the Wadden Sea. 

The Danish Wadden Sea is protected as Natura 2000 Special Pro-
tection Area (SPA) and as a national wildlife reserve (Laursen and 
Frikke, 2013). It was declared a National Park in 2010 and since 2014 it 
has (together with the Dutch and German Wadden Sea National Parks) 
been designated as a UNESCO World Heritage site. Hunting became 
increasingly restricted between 1979 and 1998, but continues to be 
allowed along a few stretches of saltmarsh and in most freshwater 
marshes and agricultural areas inside the dikes. Restrictions on other 
recreational activities have been introduced partly to protect waterbirds 
according to the Birds Directive under the European Union. Hiking, dog 
walking, kayaking and standup paddleboarding (SUP) is, with a few 
exceptions, allowed throughout the area, including on and along almost 
all sandbanks, sand- and mudflats and saltmarshes. Car driving is 
permitted on most of the extensive beaches on the two main islands Fanø 
and Rømø. Windsurfing, kitesurfing and water-skiing is restricted to a 
few designated areas along three stretches of beach (two on the main 
islands and one along the mainland coast). Sailing is allowed (but with a 
few restrictions in the inner parts of the Wadden Sea), whereas the use of 
water scooters, personal watercrafts and jet-skis is not. Several roost 
sites are likely to be increasingly under pressure from recreational 
human disturbance (Koffijberg et al., 2003), and care is urgently needed 
to safeguard areas of particular importance to roosting waders at high 
tide. 

The level of human recreational activity varies greatly across the 
Danish Wadden Sea (Laursen and Frikke, 2013 and references herein), 
but presently no systematic data exist to assess the spatiotemporal 
development in the different types of human activity. While some areas 
such as sandbanks may be relatively undisturbed, others such as the 
beaches on the west coasts of the two largest islands are among the most 
intensively exploited coastlines in Denmark (Laursen et al., 2021). The 
combination of the importance of the area to many waterbird species 
and the expected increase in the level of human activity, has led to the 
identification of the Danish Wadden Sea as a potential high-conflict area 
between outdoor activities and waterbirds (Laursen et al., 2016), and, as 
a result, knowledge to guide policy and planning is called for. 

To map important areas for high tide roosting waders we focused on 
the 12 most common wader species that forage on the sand- and mud-
flats of the Danish Wadden Sea. These were Dunlin Calidris alpina, 
Common greenshank Tringa nebularia, Red knot Calidris canutus, Avocet 
Recurvirostra avosetta, Bar-tailed godwit Limosa lapponica, Redshank 
Tringa totanus, Sanderling Calidris alba, Spotted redshank Tringa eryth-
ropus, Common ringed plover Charadrius hiaticula, Eurasian curlew 
Numenius arquata, Grey plover Pluvialis squatarola and Eurasian oyster-
catcher Haematopus ostralegus. Based on our definition of seasons (see 
section 2.3), all 12 species occurred during spring, summer and autumn, 
but in winter, Common greenshank and Spotted redshank were not 
observed in the area, so the number of included species in this season 
was 10. 

2.2. Data collection: distribution and numbers 

Data on the distributions and numbers of waders were collected 
annually between the autumn of 1979 and the spring of 2020. All counts 
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were conducted at the spatial scale of “count areas” (areas covered 
simultaneously by coordinated observers, cf. Clemens et al., 2010), 
including 80 relevant areas, of which 59 were covered regularly before 
2010. At any given count, a count area was considered as covered by 
observers if it had at least one observation of a species included in the 
Trilateral Monitoring and Assessment Programme (TMAP, see Blew 
et al., 2017). Delineation of the individual count areas were defined by 
landscape structures and accessibility from land, and mainly the result of 
the field logistics of counting when surveys were started decades ago. 
Count areas differed substantially in size (mean ± SD: 1176 ± 1050 ha, 
Supplementary Appendix A), but the geographical extent of high-tide 
roost sites (the exact location of roosting waders within count areas) 
were much smaller and did not reflect the variation in size among count 
areas. Because all the included surveys were high-tide roost counts, and 
because bird numbers were available only at the level of count areas, we 
compared these units directly without accounting for differences in area 
(for justification, see section 3.1). The exact location of high-tide roost 
sites may vary depending on the water level at high tide (varying with 
tidal amplitude and wind), but, besides maybe a couple of geographi-
cally rather small count areas, this would only lead to negligible varia-
tion in the distribution among areas. 

Surveys of waterbirds were conducted from a small airplane as well 
as from the ground. In the present analyses, we only include results from 
surveys conducted at high tide. All counts were timed to take place as 
close as possible to a spring tide, and preferably on days when the high 
tide was around the middle of the day. Aerial counts took place on a 
monthly basis during the 1980s, but the frequency of aerial counts 
dropped to 69 in the 1990s, 28 in the 2000s and 21 in the 2010s. The 
aircraft followed a fixed route to ensure that all relevant areas in the 
Wadden Sea were covered, with minor deviations from this route during 
periods when the airforce conducted aerial training in parts of the area. 
For a description of aerial survey methods please see Laursen et al. 
(2008). Ground-based counts were conducted using telescopes, by a 
combination of volunteers and professionals, with the same observers 
covering the same count areas time after time. 24 of the count areas 
(holding important spring tide roost sites) were covered by regular 
spring tide counts, with the total number of counts varying between 462 
and 604 among count areas across the entire study period (all 
land-based). In addition, 109 ground-based counts covering the entire 
Danish Wadden Sea were completed during the 40-year survey period, 
with only minor annual variations. However, in order to cover all 
months regularly, monthly coverage varied from year to year, except for 
January that was covered all years. For example, autumn coverage in 
2009 included data from September and November, whereas autumn 
2010 was covered in October only. However, on the scale of decades, the 
coverage was comparable. 

In periods with high coverage, and due to the several sources of the 
counted birds, some months were covered more than once in the same 
year. In these cases, we only extracted data from the maximum count. 
The total number of months with coverage of individual count areas, 
from aerial and/or land-based surveys, ranged between 144 and 471 
across the study period, with a mean ± SD of 325 ± 90. Hence, coverage 
varied considerably between the count areas, and the data did not allow 
for a detailed description of spatiotemporal distributions on a year-to- 
year basis (see section 2.3). A detailed overview of the number of 
months with coverage in each count area within a given time period is 
presented in Supplementary Appendix A. 

2.3. Identifying important areas 

Individual bird counts represent a snapshot in time, and in our 
composite data set, coverage did not include all of the Wadden Sea at all 
counts (see description in section 2.2). To ensure an integrated measure 
of abundance across count areas, and a temporal resolution ensuring the 
best possible estimates for numbers inside each count area, we expressed 
occurrence as average proportions (details below) across individual 

decades. These decades were defined as the 1980s (June 1979–May 
1989), 1990s (June 1989–May 1999), 2000s (June 1999–May 2009) and 
2010s (June 2009–May 2020). Because the importance of individual 
count areas could differ between spring, summer, autumn and winter, 
we defined these four seasons as follows: spring: March–May, summer: 
June–August, autumn: September–November and winter: 
December–February. 

In order to identify the count areas that were most important to 
roosting waders, we defined a count area as important for a given species 
if its average share corresponded to >2.5% of the total number of in-
dividuals in the entire study area at high tide in a given season and 
decade. While this threshold was arbitrarily chosen, it does represent a 
value large enough to ensure that areas were preferred, and small 
enough to ensure that the most important roost sites would be identified 
even for widely distributed species. In addition, two test runs with 
slightly lower and higher threshold values (1% and 5% respectively) did 
not affect the results and conclusions of the analysis, which conse-
quently seemed to be robust regardless of the exact definition of 
“important” (but see Clemens et al., 2010). The evaluation of whether 
this 2.5% threshold was met was completed for each of the 12 species, 
and for each decade and season, as follows: First, for each count area we 
found the average number of individuals that had occurred (based on all 
counts of the count area at high tide). Second, we calculated a sum for 
the entire Wadden Sea by summing up the average number of in-
dividuals recorded in each count area. Third, we calculated each count 
area’s share (proportion of the “total”). All combinations of species, 
season and decade were included, but because there were no records of 
Spotted redshank and Common greenshank during winter, these 
species-season combinations were omitted from further analysis. 

To create a priority map of the Danish Wadden Sea, identifying the 
currently most important areas across species, the 12 species-specific 
data sets on importance of individual count areas from the most 
recent decade (ending May 2020) were combined for each season to 
derive an overall map of importance covering the entire group. This map 
indicates the number of species that occurred in important numbers 
inside each count area in a particular season. 

2.4. Seasonal variability in importance 

To describe the variability in bird numbers, and hence, the impor-
tance of the Wadden Sea across the four seasons for the included wader 
species, we calculated the average of the annual maximum for each 
species in each season (based on data from the most recent decade June 
2009–May 2020). This allowed us to quantify the peak numbers of birds 
seasonally, and rank each of the four seasons with respect to their 
relative importance for each of the species. 

2.5. Identification of the most important roost habitats 

To identify the most important roost habitats (the habitats used for 
roosting at any given roost site) for the involved species, each count area 
was described in terms of the known roost habitats available within it. 
Available roost habitats in the study area include sandy beaches, sand-
banks, high sandflats, saltmarshes, moraine coasts, marshes with 
waterbodies, marshes without waterbodies and river outlets (Supple-
mentary Appendix A). Sandy beaches are found mainly on exposed 
coasts such as the west coast of barrier islands, while saltmarshes are 
characteristic of more protected coasts on the mainland and east coasts 
of barrier islands and peninsulas. Marshes with and without waterbodies 
are mostly found on the mainland behind the dikes and river outlets 
along the mainland coast where several streams flow into the Wadden 
Sea through a number of sluices. Sandbanks and high sandflats are found 
interspersed between individual barrier islands and between islands and 
the mainland coast (for details please refer to Supplementary Appendix 
A). Based on the presence of different roost habitats, we created a 
number of binary habitat variables covering all count areas, identifying 
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the presence/absence of each habitat type across all areas (1 = roost 
habitat present, 0 = not present). Likewise, we defined species-specific 
binary variables of the importance of individual count areas to each of 
the 12 wader species (1 = important, 0 = not important). This allowed 
us to quantify the association between specific species and habitats, by 
calculating Cohen’s Kappa for each combination of species and habitat 
for each of the four seasons, and investigate whether certain species- 
habitat associations were higher than expected by chance (Warrens, 
2015). Kappa values and significance tests were calculated in R 4.1.0 (R 
Core Team, 2021) using the kappa2 function in the “irr” package (Gamer 
et al., 2019). 

2.6. Persistence of important areas 

To evaluate to what extent importance (or lack thereof) of the in-
dividual count areas persisted through time, we looked at the potential 
changes in importance of individual areas with regular counts across all 
four decades. The persistence, or change, in importance (for a given 
species between consecutive decades within the same season) was 
modelled as a binomial response (Bernoulli trial), and the probability to 
persist at the previous level of importance related to the explanatory 
variables “Species”, “Season” and “Decade”. The model was fitted as a 
Generalized Linear Model using the “lme4” package (Bates et al., 2015), 
and the effects displayed using the “effects” package (Fox and Weisberg, 
2019). To be able to use all historical data this analysis was limited to the 
59 count areas that had been covered regularly and in all four seasons 
throughout the four decades (Supplementary Appendix A). 

3. Results 

3.1. Identifying important areas 

In the entire data set covering four decades, four seasons and 12 
wader species, the number of species-specific important count areas for 
high-tide roosting waders ranged between 3 and 16 areas (out of 59) 
with an average ± SD of 10 ± 3.3. The mapping of important count 
areas for four example species in autumn is shown in Fig. 1, and the 
distribution of all important areas across decades and seasons in the 

Danish Wadden Sea can be found in Supplementary Appendix B. The 
combined priority map of the Danish Wadden Sea, covering all 12 wader 
species and 80 count areas in the most recent decade is shown in Fig. 2. 
The importance of individual count areas varied only little across the 
year, and the priority scores (indicating the number of species for which 
an area was important, ranging from 0 to 10) were highly correlated for 
all pairwise comparisons between seasons (average Spearman’s ρ = 0.7, 
all p < 0,001). Notably, the importance of individual count areas 
(average number of species occurring in important numbers across the 
four seasons) was not significantly related to its size (Spearman’s ρ =
0.19, p = 0,082), confirming that differences in the area of individual 
count areas did not explain differences in importance with respect to 
numbers present at high tide roost sites. 

3.2. Seasonal variability in importance 

The species-specific average annual maxima within in a single season 
is presented in Table 1, which also indicate the importance of specific 
seasons for each included species given as percentage of the season with 
maximum numbers. The analysis highlighted that species like Common 
ringed plover, Grey plover, Red knot, Sanderling and Bar-tailed godwit 
peaked during spring migration, while others such as Avocet, Spotted 
redshank, Redshank and Common greenshank were most numerous in 
June-July-August (i.e. the moulting period for Avocets and the early 
period of the southward migration for the other three species). Three 
species (Eurasian oystercatcher, Dunlin and Eurasian curlew) occurred 
in peak numbers during autumn, while none of the species had their 
maximum in winter. 

3.3. Identification of the most important roost habitats 

The full analysis of roost habitat-species associations at high tide 
roost sites is presented in Table 2. The results revealed that Sanderling 
and Common ringed plover preferred sandy beaches, while species such 
as Common greenshank, Redshank and Curlew were associated with 
saltmarshes. Dunlin, Red knot, Bar-tailed godwit and Grey plover were 
among the species with a preference for sandbanks, while Spotted 
redshank favoured marshes with freshwater lakes. In addition, river 

Fig. 1. The distribution of important areas for Avocet (Recurvirostra avosetta), Bar-tailed Godwit (Limosa lapponica), Sanderling (Calidris alba) and Eurasian curlew 
(Numenius arquata) during autumn in the Danish Wadden Sea, in the period June 2009 and Maj 2020. Different colours indicate differences in occurrence (measured 
as the % of the total number of individuals present in the study area for a given species), for all count areas satisfying the threshold level of importance (2.5%). Grey 
areas indicate land. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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outlets had a positive association with roost choice for 8 of the 12 
included species, even though these outlets were regulated landscapes 
and not dynamic deltas where the rivers split up and create smaller is-
lets, sandbanks etc. The only negative association confirmed in the 
analysis was between sanderling and saltmarshes, probably signifying 
the preference for non-vegetated habitats in this species (Table 2). 

3.4. Persistence of important areas 

Overall, there was a high probability that the level of importance 
(whether a count area was important or unimportant for individual 
species in a given season) persisted between decades. As such, we found 
that for a given count area there was an 89% probability that importance 
was the same in consecutive decades. This probability was consistent 
across decades (χ2 = 3.708, df = 2, P = 0.157), but varied slightly among 
seasons (χ2 = 13.562, df = 3, P = 0.004, Table 3, Fig. 3) and species (χ2 

= 120.579, df = 11, P < 0.001, Table 3, Fig. 4). Consequently, the 

probability of a count area remaining at the same level of importance 
varied between 82% for redshank and 96% for spotted redshank (Fig. 4). 

4. Discussion 

The mapping of important areas for high tide roosting waders in the 
Danish Wadden Sea revealed that several count areas should be given 
high conservation priority. Interestingly, our data set spanning four 
decades of bird monitoring indicated that the importance of high-tide 
roost sites to a great extent persisted across the entire study period, 
even though the area is morphologically dynamic. This finding suggests 
that coastal planning can be an effective tool to minimize the future 
impact of human recreation on roosting waders. By identifying areas of 
high and low importance to wader species, and by showing that the same 
areas largely remain important through time, our priority map may be 
used to guide management and policy makers, and impose proper re-
strictions or relaxations of human recreational activities in space and 

Fig. 2. Priority map of the Danish Wadden Sea 
region, indicating the number of wader species 
roosting in important numbers in each count area 
during spring, summer, autumn and winter 
(numbers are ‘important’ if they correspond to >
2.5% of the total number of individuals present 
in the study area for a given species; based on 
counts conducted between June 2009 and Maj, 
2020). The maximum number of species is 12 for 
the seasons spring, summer and autumn and 10 
for winter when two species do not occur regu-
larly in the area. Grey areas indicate land.   
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time (Crain et al., 2009; Stigner et al., 2016). In this study, we chose to 
give equal weights to all wader species with important occurrences in 
the study area, but the priority map may easily be adjusted to favour 
certain species based on criteria related to e.g. conservation status, 
sensitivity, distribution patterns or habitat use. 

At present, little information exist about the spatiotemporal distri-
bution of human recreational activities in the Danish Wadden Sea. 
Laursen et al. (2017) described a clear unimodal pattern of sailboat 
traffic in the Wadden Sea with a peak in late summer – a pattern likely to 
be paralleled to some extent in other activities such as kayaking and 
hiking. When it comes to the spatial distribution of activities, however, 
only very general descriptions are available (Laursen et al., 1997, 2016). 
Due to the lack of systematic data on human recreational activities along 
the coast, it is unclear to what extent the current distribution of roosting 
waders is affected by human disturbance. Hence, fully deciphering how 
contemporary human exploitations of the coastal zone shape the choice 

of roost sites in the Wadden Sea region is presently not possible. 
Combining the results of this study with a detailed mapping of human 
traffic on a finer spatial scale, would allow for studies of the spatio-
temporal overlap between coastal recreational activities and important 
wader areas. 

Future planning and conservation of the most important roost sites 
would be improved by knowledge of the exact location of the high tide 
roosts within each of the count areas identified as being important. 
Buffer zones around these roost sites could be defined based on 
knowledge about the escape distances (or flight initiation distances) of 
the involved species. However, escape distances may vary considerably 
between species and between different recreational activities (e.g. 
Bregnballe et al., 2009; Clausen et al., 2020; Laursen et al., 2017; 
Laursen et al., 2005; Mikula et al., 2018), and so far little is known about 
the reactions of waders to human disturbance on high-tide roosts (but 
see Lilleyman et al., 2016). Blew et al. (2017) emphasized that currently 
there is no contemporary information to assess the quality of high tide 
roost sites in the Wadden Sea area, and in light of the many changes in 
coastal landscapes in recent decades related to tourism, outdoor recre-
ation, wind turbines and coastal protection measures, an up-to-date 
evaluation is urgently needed. 

Our analysis suggested that the waders differed with respect to both 
seasonal importance and preferred habitats for roosting. While some 
species occurred in peak numbers during spring and (more rarely) 
autumn migration, others were most numerous in summer, including the 
moulting period and early southward migration depending on the spe-
cies. This finding indicate that the Wadden Sea is important to waders 

Table 1 
Numbers of birds counted (average annual maximum within a single season) for the 12 wader species included in the study and the variability in importance across the 
four seasons spring (March–May), summer (June–August), autumn (September–November) and winter (December–February) in percentage of the season with peak 
abundance. Numbers refer only to the decade lasting from June 2009 to May 2020. The rightmost column indicate the maximum number of individuals observed at a 
single count in the period June 2009–May 2020.  

Species Average annual numbers in the season with peak abundance Occurrence as % of the season with peak abundance Maximum single count 

Spring Summer Autumn Winter 

Eurasian oystercatcher 28,002 44.2 60.9 100.0 82.2 54,676 
Avocet 3106 10.6 100.0 55.2 0.0 7037 
Common ringed plover 1332 100.0 91.2 18.6 0.1 3514 
Grey plover 5130 100.0 66.4 50.7 10.5 8818 
Red knot 72,510 100.0 51.2 44.4 11.0 139,571 
Sanderling 2090 100.0 47.3 54.5 20.6 6267 
Dunlin 132,928 64.5 70.4 100.0 11.5 227,654 
Bar-tailed godwit 23,915 100.0 45.4 41.1 5.6 39,497 
Eurasian curlew 11,792 57.9 66.4 100.0 85.0 27,055 
Spotted redshank 1161 28.3 100.0 13.6 0.0 2158 
Redshank 5388 25.6 100.0 16.1 6.7 14,318 
Common greenshank 2596 56.9 100.0 24.0 0.0 4844  

Table 2 
The number of significant (p < 0.05) positive associations (Cohen’s Kappa) between different high tide roost habitats and the 12 wader species included in the analysis 
across the four seasons spring, summer, autumn and winter. The values indicate the number of seasons with a significant association (e.g. 2 = two seasons with 
significant association). Positive figures indicate positive associations and negative figures negative associations (avoidance). Please note that Common greenshank 
and Spotted redshank did not occur in the study area during winter, why the maximum score for these species is three.  

Roost habitat Dunlin Common 
greenshank 

Red 
knot 

Avocet Bar- 
tailed 
godwit 

Redshank Sanderling Spotted 
redshank 

Common 
ringed 
plover 

Eurasian 
curlew 

Grey 
plover 

Eurasian 
oystercatcher 

Sandy beach 0 0 0 0 0 0 4 0 2 0 0 0 
Sandbank 3 0 4 0 4 0 2 0 0 1 3 3 
High sandflat 1 2 0 0 3 0 0 0 1 2 0 4 
Saltmarsh 1 3 0 2 0 3 − 1 0 0 3 0 2 
Moraine 

coast 
0 0 0 0 0 0 0 0 0 0 0 0 

Marsh with 
waterbody 

0 0 0 0 0 0 0 3 0 0 0 0 

Marsh 
without 
waterbody 

0 0 0 0 0 0 0 0 0 0 0 0 

River outlet 2 3 0 3 1 1 0 0 1 4 1 0  

Table 3 
Effect tests from the Generalized Linear Model (see section 2.6 for details) to 
explain the effect of species, decade and season on the probability of a count area 
to remain at the same level of importance.  

Effect DF χ2 P value 

Species 11 120.58 <0.001 
Decade 2 3.71 0.157 
Season 3 13.56 0.004  
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most of the year, but also highlights specific seasons when each of the 
involved species might be particularly vulnerable to disturbance. Sandy 
beaches, sandbanks, tidal flats, saltmarshes, marshes with waterbodies 
and river outlets all played a role as important roost sites for one or more 
of the 12 species included in this paper. This emphasizes that species 
diversity might largely reflect the diversity of habitats present at a 
regional scale, and highlights the importance of safeguarding a variety 
of different coastal habitats to support future biodiversity. Collectively, 

the importance of specific periods and roost habitats for each of the 
involved species can be used in future coastal planning to target pro-
tective measures for species of special conservation concern. The find-
ings might also be used as basic information for developing roost choice 
models with predictive power beyond areas with contemporary survey 
data, to identify areas of special importance that might be vulnerable to 
anthropogenic stressors and ensure that adequate measures are put in 
place (e.g. Zharikov and Milton, 2009). Nonetheless, there are still a 
number of gaps in our knowledge of roost choice mechanisms (e.g. 
Rogers, 2003), and the construction of predictive models should include 
data from several different sites as well as landscape characteristics on 
local spatial scales that could not be accounted for in the current study. 

Beneath the overall high consistency in importance of single count 
areas, we found indications of minor variations among species and 
seasons. Species-specific differences in fidelity to certain areas may at 
least partly reflect differences in habitat use. As such, species with 
relatively narrow roost habitat preferences (e.g. Spotted redshank 
favouring marshes with waterbodies) may to a greater extent return to 
the same count areas because of few alternatives. It is currently unclear 
why the shorebird distribution in spring was slightly less persistent than 
in the other seasons, but because many of the most abundant species are 
relatively abundant during this period, whereas food resources are 
generally at a low (Beukema, 1974), this could relate to a higher 
competition and more frequent use of secondary areas at this time of 
year. Alternatively, this pattern could be driven by quick passage and 
short stopovers during spring, when birds may be more likely to 
aggregate in places that are good launching or arrival points on 
migration. 

With respect to advancing the concept of integrated coastal zone 
management, our priority map provides a clear example of quantifying 
nature conservation values. While such scientific data are crucial for 
proper conservation planning, they are rarely available to – and seldom 
incorporated in – coastal management protocols (e.g. Levin et al., 2014; 
Kalen, 2006). Even when conservation interests are explicitly accounted 
for, the spatial resolution of the information is often too coarse to have 
value for physical planning with respect to human recreation (e.g. large 
protected areas that does not allow for local planning of multiple uses). 
Post and Lundin (1996) highlighted that the values of natural ecosys-
tems are often undervalued in comparison with other demands placed 
upon the coastal zone, and McFadden (2007) and Cheong (2008) 
expressed concerns that integrated coastal zone management increas-
ingly focusses on communality of stakeholders at the expense of un-
derlying scientific knowledge. In order to integrate not only different 
human interests, but also include considerations related to sustainability 
and biodiversity, nature conservation interests should be included on 
the same terms as social, cultural and economic considerations and be 
scientifically based (van der Meulen and de Haes, 1996). In this respect, 
advances might come from the integration of coastal zone management 
with the ecosystems approach (Christensen et al., 1996; Forst, 2009). So 
far, conservation interests have often been considered as an 
after-the-fact impact of planned management changes (cf. environ-
mental impacts assessments; Clark, 1997). We advocate to explicitly 
map the areas of important conservation value (such as that of roosting 
waders in the Danish Wadden Sea), and let these become part of the 
scientific knowledge that underpin decision- and policy making at an 
earlier phase. 

Given the ongoing climate warming and associated rise in sea levels, 
many high tide roost sites face an uncertain future. The entire Danish 
coastline along the Wadden Sea is bordered by dikes, dunes and elevated 
field boundaries, rendering coastal habitats exceedingly vulnerable to 
coastal squeeze (Hughes, 2004; Clausen and Clausen, 2014). The ex-
pected impact of rising sea levels on coastal habitats in the Wadden Sea 
region is still far from understood. However, a few studies suggest that 
the frequent inundation, large sediment supply and high rates of sedi-
mentation characteristic of the Wadden Sea region, makes it among the 
most resilient areas to future sea level rise (Klagenberg et al., 2008; 

Fig. 3. The effect of season on the probability of persistence (as either 
important or unimportant) of individual count areas for a given species between 
two consecutive decades. The presented values are from the General Linear 
Model described in the methods section. 

Fig. 4. The effect of species on the probability of persistence (as either 
important or unimportant) of individual count areas for a given season between 
two consecutive decades. The presented values are from the General Linear 
Model described in the methods section. 
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Clausen et al., 2013). Nonetheless, high tide roost sites are probably the 
habitats first in line to disappear when waters rise, and future moni-
toring of these important sites is of utmost importance. Running the 
analysis presented in this paper repeatedly in the coming decades may 
assist an evaluation of changes in location and importance of high water 
roosts in response to climate change. 

Our results provide clear indications that it is possible to distinguish 
between areas of high and low importance to roosting waders. By use of 
long time-series of spatially explicit data on wader distributions year- 
round, we were able to locate priority areas for future conservation, as 
well as areas where human recreation are likely to only have minor 
impacts on roosting waders. As such, the priority map might help make 
the multiple uses of the coastal zone compatible with wader conserva-
tion, thereby favouring multi-functionality, and the expected growing 
impact from recreational activities can be mitigated through spatial 
planning and regulation of activities. Fully accounting for the impor-
tance of individual areas necessitates a similar analysis of foraging sites 
for the involved species (see Bakker et al., 2021), thereby encompassing 
entire functional units (roost sites and foraging areas) for the involved 
species. However, disturbance effects are likely to be most pronounced 
when many birds are gathered in a small area, as is the case when 
roosting at high tide (Lilleyman et al., 2016; Rogers et al., 2006). 
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