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ABSTRACT

In many coastal areas, high numbers of recreationists may exceed ecological capacities. Careful monitoring of
visitor flows is a first prerequisite for coastal area management. We show how AIS ship data can be translated
into interpretable information on recreational boats and investigate whether AIS can provide monitoring in-
formation when compared to nature conservation policy targets. In the Wadden Sea UNESCO World Heritage Site
we used nearly 9 million data points to create spatiotemporal patterns for the 2018 recreation season. We
combined this with shipping lanes and bathymetry data and compared the resulting patterns with nature pro-
tection regulations. Our results show that most of the traffic is concentrated around tidal channels. We also show
that exceeding speed limits is not predominant behaviour, but the effect of speeding on birds and seals might be
more severe than the data suggests. We mapped favourite tidal flat moor activities, and observed where this
occurs in Marine Protected Areas. We conclude that AIS analysis can provide valuable recreational boating
monitoring, relevant to sensitive coastal area management in the entire Dutch Wadden Sea for the full recrea-
tional season. Broader integration of AIS with radar data and ecological data can add to the power of using AIS.

1. Introduction

In many coastal areas, recreation and tourism have become major
economic factors worldwide over the last century, providing income and
jobs to touristic destinations (Davenport & Davenport, 2006; Libosada,
2009; Wesley & Pforr, 2010). Especially those forms of recreation that
are based on experiencing nature, landscape and natural heritage have
become increasingly popular (Newsome et al., 2013). However, the
positive impact of tourism is not solely economic. Tourism is also an
opportunity for nature protection through creating awareness, public
support and funding for nature protection (Libosada, 2009; McCool &
Spenceley, 2014). At the same time, the extent and type of tourism and
recreation may reduce the ecological quality of protected and vulnerable
landscapes (Buckley, 2012). Multifunctional use of national parks may
create conflicts because high numbers of recreationists may exceed
ecological capacities (e.g. Hadwen et al., 2007; Lyon et al., 2011;
Schlacher et al., 2013; Wimpey & Marion, 2011). Human disturbance is
a major threat to colonial seabirds worldwide (Croxall et al., 2012) and
coastal birds are especially vulnerable (e.g. Liley & Sutherland, 2007;
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Steven & Castley, 2013). Furthermore, different types of recreational
activities may have a negative impact on recreational behaviour of
others (Orellana, 2012).

This means, that when striving after a sustainable landscape, man-
agement of (national) natural parks needs to balance economic, envi-
ronmental, recreational, and social values (Geneletti & Van Duren,
2008; Meijles et al., 2014). Consequently, natural park managers need
not only have data on ecological quality, but also need information on
the spatiotemporal behaviour of visitors relative to sensitive areas
(Meijles et al., 2014). For the same purpose, there is a need to under-
stand which landscape and infrastructural characteristics are preferred
by visitors (Pouwels et al., 2020; Stamberger et al., 2018) and how this
differs between activities (e.g. Beeco, Hallo, et al., 2013).
Location-specific data on visitor flows, stop places, use of facilities, ac-
tivities or other recreational hotspots can be used to define and steer
away from sensitive protected zones (Dye & Shaw, 2007; Wolf et al.,
2012). Location information of visitor flows can be used to route visitors
to a wider or narrowed down range of locations avoiding overcrowding,
to better match visitor’s interests (Freuler & Hunziker, 2007; Lyon et al.,
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2011; Lyon et al., 2011, 2011; Orellana et al., 2012; O’Connor et al.,
2005) or to increase effectiveness of patrolling nature park rangers.

Traditional methods for estimating visitor flows include visitor sur-
veys (with or without mental mapping), space-time diaries and self-
mapping (Hallo et al., 2012), interviews, direct observations (i.e.,
physically following visitors) and checkpoint monitoring (Van Marwijk,
2009; Wolf et al., 2012; Xiao-Ting and Bi-Hu (2012). As the costs of GPS
devices have lowered and are widely available in smartphones, empir-
ical data using GPS has been added as a well-proven method (Korpilo
et al., 2017; Meijles et al., 2014; Shoval & Isaacson, 2007). GPS data
result in detailed track logs of followed routes with high spatial and
temporal resolutions, which extended the possibilities in following
larger groups of respondents than traditional methods (Meijles et al.,
2014). It is important to keep in mind that data may be biased, as visitors
aware of their GPS device could change their spatiotemporal behaviour
(O’Connor et al., 2005; Taczanowska et al., 2008) and that there may
also be privacy issues associated with this type of research (Van den
Bemt et al., 2018).

Because of the development of GPS-based monitoring methods dur-
ing the past decades, spatial movement analysis has rapidly developed
(Long & Robertson, 2018), and knowledge on tourist mobility in natural
areas has increased (Chantre-Astaiza et al., 2019; Korpilo et al., 2017;
Lera et al., 2017; Wolf et al., 2012). There is a large body of literature in
the ecological, tourism and geographical domains relating the spatio-
temporal visitor patterns in natural areas to landscape composition (e.g.
Stamberger et al., 2018; Van Marwijk, 2009), recreational preferences
(e.g. Meijles et al., 2014; Pouwels et al., 2020), weather conditions
(Sykes et al., 2020), accessibility through main roads and car parks (e.g.
Beunen et al., 2008), network connectivity within the natural area (e.g.
Taczanowska et al., 2014) and special attractions (e.g. Beeco, Huang,
et al., 2013; Hallo et al., 2012).

However, most of these studies focus on terrestrial natural areas, and
although there are many publications on the influence of recreational
behaviour on ecological values in marine coastal areas (e.g. Davenport
& Davenport, 2006; Schlager et al., 2013), the use of GPS-based visitor
tracking in marine natural areas is limited (e.g. Parrot et al., 2011).
Spatiotemporal analysis in such environments is often solely focussed on
safety (e.g. Silveira et al., 2013), shows a limited temporal cover
(Balaguer et al., 2011) or is mostly restricted to the terrestrial section of
coastal areas (e.g., Smallwood et al., 2012). This is surprising since over
500.000 ships at sea in over 140 countries use Automatic Identification
System (AIS), a tracking system that uses GPS receivers, VHF trans-
ceivers and other navigation sensors to show and transmit their live
location (IMO, 2019). The system is designed for helping skippers and
maritime authorities, mainly for safety purposes. The system can be used
passively (only receiving) or actively (receiving and transmitting).
Terrestrial AIS base stations along coastlines can track and log the ship’s
signals (Deter et al., 2017). International ships over 300 gross tonnage
and all passenger ships, irrespective of size, are legally required to use
AIS (IMO, 2019). Although recreational skippers are encouraged to use
AIS actively for safety reasons, they not legally required to do so if they
stay under an, often regionally differing, maximum ship size (Deter
et al., 2017).

The lack of detailed marine spatiotemporal visitor studies hampers
the sustainable management of ecologically valuable marine landscapes.
Therefore, this paper focuses on assessing spatiotemporal recreation
patterns in an ecologically sensitive marine landscape. Our case study
area is the UNESCO World Heritage Dutch Wadden Sea area. We aim to
(1) develop a method to transform raw AIS data into easily interpretable
information on visitor flows and to (2) investigate whether AIS can
provide insightful visitor monitoring information on intensity of use.
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2. Wadden Sea area
2.1. Natural values

For its globally unique geological and ecological values, the Wadden
Sea (Fig. 1) is listed by UNESCO as Natural World Heritage Site in 2009
(UNESCO, 2009). The World Heritage Site encompasses the interna-
tional Wadden Sea of Denmark, Germany and The Netherlands. In the
Netherlands it is narrowly defined, including the tidal sea with its
intertidal sand and mud flats, and the summer polders and undiked salt
marshes surrounding the sea, while the diked mainland and islands are
excluded from the Heritage Site (Sijtsma et al., 2019). The sea is rather
shallow, with dry tidal flats during low tide and depths of the natural
channels ranging from less than 5 m to deeper than 30 m between the
islands (Elias, 2017, p. 51). In 2016, the Wadden Sea was elected by the
Dutch general public as the most beautiful natural area of the
Netherlands (Dutch Government, 2016). Millions of birds depend on the
Wadden Sea (Fig. 1) for foraging, breeding, moulting, and migrating.
Some bird species use the area for a short period, whereas others stay for
a longer period and forage in the area to gain enough energy for further
migration. Some birds spend the entire winter in the area (Kloepper
et al., 2017). The salt marshes, tidal flats and sublittoral areas provide a
high availability of food to large numbers of migratory birds, including
43 protected species under the Natura 2000 regime. Around 31 species
of ground-breeding birds are found in the area, mainly breeding on the
islands. The birds are susceptible to natural and human disturbances
during feeding, moulting and roosting (Kleefstra et al., 2011; Kloepper
et al., 2017).

The area is home to healthy populations of two seal species, the
harbour seal (Phoca vitulina) shows increasing numbers since the mid-
1900s and the grey seal (Halichoerus grypus) since the 1970s. The area
functions as reproduction area for the harbour seal in summer and for
the grey seal in winter. They also forage in the area and rest on the edges
of the tidal flats at low tide. Seals run the risk of being disturbed by
people coming close during low tide at haul-out sites and in periods
when females are suckling young.

2.2. Tourism and recreation in the study area

Because of the widespread recognition of its ecological qualities and
scenic landscapes, the Wadden Sea area has become very attractive to
tourists and tourism has become the dominant economic activity
(Heslinga et al., 2018; Sijtsma et al., 2012; Revier, 2013). Whilst most
tourist activities take place at the islands (Sijtsma et al., 2012), many
marine activities also take place within the UNESCO World Heritage Site
(Sijtsma et al., 2019). During their trips, recreationists undertake ac-
tivities such as sailing, anchoring, mudflat hiking, looking for mussel-
s/oysters, and seal and bird watching (Heslinga et al., 2019). One
specific activity for this region is tidal flat mooring (‘droogvallen’ in
Dutch), in which flat-bottomed boats anchor at high tide and wait until
the tide recedes (Fig. 2). At low tide, the boat rests on the tidal flats,
providing the opportunity to get off board and to go for a stroll in the
surroundings.

The monitoring of tourism is reasonably well established in the area
through sluice and harbour counts providing long-term visitor numbers
since the 1980s and a policy programme is in place to combine tourism
and nature protection in a sustainable way (Tjaden et al., 2018). How-
ever, the area thus far has not used AIS data to create detailed spatio-
temporal patterns of recreational ships at landscape scale for the full
tourist season as a baseline assessment for recreational pressure on
ecological values. Therefore, the region is a relevant case for researching
spatiotemporal dynamics of recreation in sensitive marine natural areas.

2.3. Rules and regulations

To protect natural values in the area, several rules and regulations
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Fig. 1. Map of the study area, showing the tidal sea with the intertidal flats, shipping lanes and Marine Protected Areas (MPAs). The inset shows the location of the
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Fig. 2. Sailing ship during tidal flat mooring, a typical recreation activity in the
Wadden Sea (Photo: Meijles, 2019, on the tidal flats near Inschot).

are in place. In the Dutch sector of the Wadden Sea, Marine Protected
Areas (MPAs) are designated by law. These areas are closed for shipping
and visitors because of high nature values. Some of the MPAs are closed
throughout the sailing season, others only a part of the year (i.e. during

the nesting or moulting season). In some cases, access is allowed at high
water, but not at low tide. In most areas, the beginning and end of the
closure period is fixed, whereas in other areas ‘dynamic closure’ regu-
lations apply, i.e. closing off is determined based on ecological in-
dicators. MPAs are indicated on marine maps.

There are also strict rules on speeding. The maximum sailing speed is
set at 20 km/h, except for a few shipping lanes where no speed limit
applies. In addition, visitors are actively encouraged to behave accord-
ing to the code of conduct, which describes a set of rules and guidelines,
which have been mutually agreed upon by recreational boaters them-
selves, to ensure experiencing the natural values does not harm the area.

The law enforcement is the somewhat complex responsibility of
municipalities, provinces, and the Dutch government. The WaddenUnit
patrols the area with a number of inspection ships and acts on behalf of
the Dutch Ministry of Agriculture, Nature and Food Quality. Several
nature management organisations such as State Forestry Service,
Natuurmonumenten and It Fryske Gea are patrolling in specific natural
sites within the study area, such as Griend, Engelsmanplaat, Rottumer-
plaat, and Rottumeroog.

3. Methodology
3.1. Approach

We used high-resolution AIS data of recreational ships to create
spatiotemporal patterns for the recreation season May-September 2018.
We combined the resulting maps with spatially explicit landscape data,
such as natural channels, shipping lanes, bathymetry, and tidal data
(Table 1). In addition, we compared the resulting patterns with rules and
regulations and with ecological indicators to assess to what extent nat-
ural values could be threatened.

3.2. Data sources and data preparation

3.2.1. AIS

AIS data is stored by Rijkswaterstaat, the executive agency of the
Dutch Ministry of Infrastructure and Water Management. In principle,
all incoming AIS signals are stored in the central database, but in the
event of heavy shipping traffic, AIS data from larger commercial ship-
ping traffic will take precedence over others such as smaller recreational
ships, which means that occasionally not all data will be saved (De



E.W. Meijles et al.

Applied Geography 130 (2021) 102441

Table 1

Available datasets with their format, source and spatiotemporal resolution.
Title Data type Estimated spatial resolution Temporal scale Source
AIS point 10 m 1 min Rijkswaterstaat
Bathymetry raster 20 m multi annual Rijkswaterstaat
Tidal flats raster 20 m annual Rijkswaterstaat
Water depth raster 20 m 1 min InterTides
Shipping lanes polygon Scale 1:10,000 annual Rijkswaterstaat
Tidal channels polygon Scale 1:10,000 multi annual Rijkswaterstaat
Buoys point Scale 1:1,000 irregular Nautin
MPAs polygon Scale 1:10,000 multi annual Rijkswaterstaat

Vreeze, 2018, pers. comm.). The signals are captured as data points,
which consist of GPS-based geographic coordinates (latitude-longitude)
of ships with a 1-min time interval, ensuring a high spatiotemporal
resolution of the data. A unique ship identifier, ship type (e.g. fisheries
or motor yacht), time (UCT), speed over ground, bearing, ship type, and
the draught of the ship are also stored (Silveira et al., 2013). To maintain
the privacy of individual ships and their users for this research project,
the Maritime Research Institute Netherlands (MARIN) anonymised all
ships, which means that all formally assigned identifiers were replaced
by new, randomised identifiers. We have used the international AIS
coding for selecting recreational traffic. AIS code 36 represent sailing
ships, code 37 represents pleasure craft (for personal use). Within the
AIS code 60-69 (passenger ships) we have made a distinction between
ferries and other passenger traffic based on the spatial behaviour. We
identified the main ferries by visually selecting the frequently returning
ships in the major ports and set them apart to be able to separate be-
tween ferries and other recreational passenger ships. Smaller ferry ser-
vices (such as between the islands Texel and Vlieland; see Fig. 1) were
kept and therefore remain in the category passenger ships. In case of
missing or invalid codes (AIS code 99), the AIS records were removed
from the database.

Subsequently, we applied several filters to the AIS database. We
removed all AIS datapoints outside of the study area, defined by the
spatial extent of the Wadden Sea Long Term Ecosystem Research
(WaLTER) project (WaLTER, 2020), which delineation follows the
Dutch Wadden Sea area’s coastline, slightly extending to a narrow strip
into the North Sea. To mitigate the influence of possible noisy
GPS-signals or GPS systems that were turned on while boats were stored
on land, we also filtered terrestrial AIS data points. Furthermore, as our
analysis focused on the spatial behaviour of recreation activities on open
water, AIS data points from within-port locations were also removed.

We also identified outliers in the AIS database (referred to as ‘drift’
by Xiao-Ting & Bi-Hu, 2012). These were defined as ‘logged points that
were distinctively separated from their predecessors and/or successors
in the track log’ (Meijles et al., 2014, p. 50). In practice this means, that
if consecutive AIS locations at 1-min intervals are separated by
improbable large distances (i.e. kilometres), the outlier was removed.
See also Meijles et al. (2014) for this approach.

Some speed records showed unrealistically high values or were set to
zero. We have therefore recalculated all speed values based on the
Euclidian distance of consecutive records and the time interval. In the
case of reappearing unrealistically high speeds, we assumed the AIS data
point locations were erroneous and were consequently removed from
the database.

Since many ships do not have draught measuring equipment on
board, or do not have linked them with AIS equipment (De Vreeze, 2018,
pers. comm.), we interpreted the draught data in the AIS database to be
unreliable. Instead, we have created this by combining location, time,
tide and bathymetry data from the InterTides model (Sections 4.2.4 and
4.2.5).

3.2.2. Tidal channels and shipping lanes

Most shipping lanes in the Dutch Wadden Sea follow the natural tidal
channels. They are indicated at sea by navigation buoys. When the
channels shift due to natural processes, the buoys are relocated by
Rijkswaterstaat. The channels and buoys are digitally stored in a na-
tional geodatabase, in which maximum speed of each shipping lane are
stored as attribute data. In areas where natural erosion and sedimenta-
tion processes in the channels is high, buoys are relocated more
frequently than updated in the database (Sybren, 2019, pers. comm.).
We have therefore manually adjusted the channel data to the most
recent circumstances based on open data of buoy locations provided by
Nautin, a not-for-profit organisation providing nautical information for
pleasure craft including individual observations of users on buoys and
channels (Nautin, 2020).

3.2.3. Marine Protected Areas (MPAs)

Marine Protected Areas (MPA) are areas that are closed for shipping
and visitors because of high natural values (See Section 3.3). The
geographical delimitation of the areas may deviate from year to year
since the tidal flats are dynamic. The coordinates of the MPAs are rep-
resented in a geodatabase managed by Rijkswaterstaat, but these are not
always completely up to date with the situation in the field. In addition,
the delimitation in the field determines the prohibited area and not the
coordinates in the spatial database on the geoportal (WaddenUnit, 2019,
pers. comm.). When interpreting the AIS data, differences between the
geodata and the situation in the field need to be considered.

3.2.4. Bathymetry

Two datasets are available for bathymetry (WaLTER, 2020). One
dataset is a simplified geographic vector representation of tidal flats at
average low tide, which we use for visualization purposes. The second
dataset is a raster file representing the depth of the seabed for both the
littoral and sublittoral parts with a spatial resolution of 20 m. The data
originally is produced by Rijkswaterstaat who update new subsections of
the Wadden Sea annually (Elias & Wang, 2013, p. 76). In some areas, the
dynamic nature of the tidal flats makes the dataset slightly out of date.
From field observations, these areas may concern Het Rif, Eilanderbalg,
Simonszand and the western side of Rottumerplaat. We discuss this in
the results and conclusions sections where it is applicable.

3.2.5. Spatiotemporal tide data (InterTides)

For the shallow Wadden Sea, it is crucial to understand the difference
in spatiotemporal behaviour of recreational ships during high and low
tide situations. We have used the spatiotemporal InterTides model,
which interpolates the water level at each location at any given moment
based on 15 tidal gauge stations along the Wadden Sea at a temporal
resolution of 10 min and a spatial resolution of 20 m (Rappoldt et al.,
2014). By subtracting water level by depth from the bathymetry model,
water depth could be determined for any place and at any time.
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3.3. Spatiotemporal data analysis

3.3.1. Spatial distribution patterns of recreational traffic

Our analysis of spatial distribution patterns of recreational traffic
was based on AIS data with a point density algorithm in a GIS envi-
ronment (ArcGIS and Stata). This algorithm counts the number of AIS
data points around each output raster cell, using a 25 m resolution and a
100 m search radius from the centre of the output raster cell. The
resulting count was then divided by the search area (expressed in
hectares), and thus provided a density of AIS data points per hectare.
Grid cells with a high value represent areas visited by many ships; grid
cells with low values are much less visited. By displaying these maps
with a stretched classification based on standard deviations, variation in
the map was optimised. By using different subpopulations, such as ship
type, tide, the recreational season or a specific day, the spatial vari-
ability of recreational boating was mapped.

3.3.2. Tidal conditions

To analyse the spatially varying conditions of the tide, we carried out
point density functions for low and high tide conditions. We have
approached this by defining water level above average sea level as “6 h
around high water” and the water level below as “6 h around low water”.
We have defined high water as higher than 5 cm + NAP (Normaal
Amsterdams Peil; average sea level in the Wadden Sea; Rijkswaterstaat,
2013).

3.3.3. Speed analysis

As for each AIS data point the speed was calculated (Section 4.2.1),
we were able to assess the number of ships and their locations traveling
at higher speeds than allowed. The lanes were buffered over a distance
of 50 m to compensate for the dynamic nature of the natural channels
(Section 4.2.2).

3.3.4. Tidal flat mooring

Tidal flat mooring was modelled based on the assumption that there
is no water beneath the boat and the ship’s speed is zero. We used a point
density analysis of the AIS data points in combination with water depth
from the InterTides model (Rappoldt, 2014). If the water level of a ship
as indicated by its AIS data point is lower than the bathymetry, the ship
is potentially resting on the dry tidal flats. Because of possible interpo-
lation errors in the tidal range and the bathymetry, we also used the
ship’s speed. If the conditions of a water depth of 0 m and a speed value
lower than 1.2 km/h (considering GPS measuring errors), we consider
the boat to be mooring on the tidal flats.

4. Results
4.1. General traffic intensity

During the 2018 recreational season (May-September) in total
8,726,876 AIS data points were recorded in the Dutch section of the

Wadden Sea after pre-processing (Section 3.2.1). About 48% of the data
points were recorded passenger ships (7% ferries, 41% other passenger

Table 2
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ships). 31% were sailing ships and the remaining 21% consisted of
pleasure craft (Table 2). On average, sailing ships count 17,600 AIS data
points per day, pleasure craft around 12,200 per day and passenger ships
around 23,600 data points.

When plotting the number of AIS data points per day and plotted
over time (Fig. 3), a substantial variation is shown. The spring and
summer holidays (1-13 May and 7 July to 2 September, resp.) clearly
show higher numbers of recreational traffic. On a shorter time-scale, the
difference between weekend and weekdays is also visible, with higher
numbers of sailing ships and pleasure craft in weekends than weekdays
outside the summer holidays. Passenger ships show lower counts during
weekend days in the summer holiday.

4.2. Hotspot analysis

Fig. 4 shows point density maps for different ship types. For each
type, recreational patterns are geographically heterogeneous with most
recreational shipping taking place in the main shipping lanes or natural
channels. Commonly used channels are the main routes from the
mainland (harbours at Den Helder, Harlingen Holwerd and Lauwersoog)
to the islands. Other visible passenger ship journeys can be interpreted
as tour boats, for example from Ameland to the tidal flats of the Blauwe
Balg and from Lauwersoog to the tidal flats of Engelsmanplaat (seal
watching). For the route from Lauwersoog to Rottumeroog, an unin-
habited island high in natural values, a special permit is required. There
are also many passenger ships at Schuitengat, probably visiting seal
resting areas. The majority of the recreation traffic takes place in the
western half of the Dutch Wadden Sea, which was also shown by
Heslinga et al. (2019) based on survey analysis. Due to the nature of the
shallow tidal sea, with tidal mud and sand flats intersected by deep
natural gullies, the spatial patterns of sailing ships and pleasure craft are
visually almost identical.

4.3. Out-of-channel behaviour

Fig. 5 and Table 2 show recreation point densities outside the ship-
ping lanes. They indicate that most traffic is still in the immediate sur-
roundings of the shipping lanes. Recreational traffic outside shipping
lanes is around one third of the total recreational traffic but varies be-
tween the different types of ships. Since ferries have a relatively large
draught, only a small proportion of ferry services (7%) sail outside the
shipping lanes. Some ferries may be cutting off bends at high tide. Other
passenger ships sail outside the channels substantially more often in
43% of the time, presumably to get close to tidal flats for seal watching.
Pleasure craft and sailing ships show somewhat lower percentages (31
and 22% respectively), although it is physically no problem for small
pleasure and sailing craft with a limited draught. Skippers often avoid
larger or fast-moving commercial cargo, ferries and fishing ships by
sailing out of the channels. In addition, many sailing ships use the still
relatively deeper water surrounding the channels when navigating
against the wind (Vroom, 2017, pers. comm.). There may also be some
locational errors in the navigation channel database due to the dynamic
nature of the tidal sea.

General descriptives of AIS data points within and outside shipping lanes during the 2018 recreational season.

AIS code ship type AIS data points AIS data points in shipping lane AIS data points outside shipping lane
count % count % count %
60-69 ferry 596,182 7% 555,819 93% 40,363 7%
other passenger ship 3,611,268 41% 2,044,019 57% 1,567,249 43%
37 pleasure craft 1,855,231 21% 1,274,979 69% 580,252 31%
36 sailing ship 2,664,195 31% 2,078,097 78% 586,098 22%
total 8,726,876 5,952,914 68% 2,773,962 32%
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Fig. 3. AIS data counts for sailing ships, pleasure craft and passenger ships throughout the 2018 sailing season (May-September).

4.4. Spatial variability between tides

As the Wadden Sea is a tidal sea and therefore rather shallow, ships
are mostly bound to the natural tidal channels. This is clearly visible in
Fig. 6, where in both high and low tide conditions the shipping lanes
show high AIS densities. At high tide, the typical water depth above the
tidal flats is 1-2 m, which means that only ships with a limited draught
and flat-bottomed ships can sail here and can only do this for a very short
time. Ships regularly sail outside the shipping lanes between the islands
of Texel and Vlieland and the mainland, and south of the island of
Terschelling. During low tide, only the section of the Wadden Sea just
north of the Afsluitdijk (Enclosure Dam) is deep enough for some traffic.
Also, many small and narrow natural channels are hardly used, for
example between the islands of Texel and Vlieland and through the
Omdraai en Inschot. The channels south of the island of Schiermonni-
koog are hardly used in both high and low tide conditions.

4.5. Exceeding speed limits

The speeding analysis show that overall, 6.5% of the AIS data points
exceed 20 km/h (about 94,000 AIS data points), and around 1% of the
AIS data points are registered in areas where this is not allowed
(Table 3). Ferries generally sail at higher speeds around 40% of the time,
with 2.3% of the data points showing high speeds where this is not
allowed. Pleasure craft are sailing faster than 20 km/h almost 6% of the
time, with 1.5% of the data points outside the allowed shipping lanes.
The percentages are lower for sailing ships, since it is physically difficult
to reach such speeds even considering tail tidal currents. In some cases,
inaccurate GPS positions may cause speed overestimations.

We can conclude that percentage wise, the number of traffic move-
ments faster than the maximum speed seems limited. On the other hand,
passenger ships speeding has been recorded for 45,000 min and both
sailing and pleasure craft combined totalled 35,000 min of speeding. To
what extent this should be regarded as a threat to natural values needs
yet to be determined.

Fig. 7 shows the spatial distribution of speeding based on a point
density analysis. Speed limits were most often exceeded directly along
the shipping lanes. Speeding by passenger ships and pleasure craft is
predominantly observed in the Vliestroom, Inschot, Scheurrak and
Omdraai shipping channels. Speeding also regularly occurs in the west-
east channel directly south of the island of Ameland, where ships may
cut corners. Some geometric errors in the GPS signals or the channel
geodatabase may influence the results slightly.

4.6. Tidal flat mooring

For the point density maps of tidal flat mooring, we have increased
the search radius from 100 to 500 m (Section 3.3.1), because we assume
that people will regularly disembark during tidal flat mooring, which
substantially increases the sphere of influence on natural values. Fig. 8
therefore acts as a measure for spatial influence on ecological factors.
Table 4 shows that, percentage wise, tidal flat mooring appears to be
limited. Passenger ships appear to be mooring on the tidal flats for 3% of
the total recorded time. Although the Shipping Act prescribes for pas-
senger ships that AIS devices must be permanently switched on, there
are known cases where skippers disable AIS (WaddenUnit, 2019, pers.
comm.) when tidal flat mooring. The figures presented here should
therefore be interpreted as a minimum. For pleasure craft, tidal flat
mooring occurs slightly more often with 4.1% of the AIS data points. For
sailing yachts this is lower (1.8%), but in absolute numbers, these are
much lower than for passenger ships. As this is a sample (not all ships in
this category are obliged to use AIS actively), actual numbers will be
higher for pleasure craft and sailing yachts. The spatial distribution
(Fig. 8) shows popular tidal flat mooring locations south of the islands of
Ameland, Schiermonnikoog and Griend and on the edges of the tidal
flats of Engelsmanplaat and Richel.

4.7. Tidal flat mooring in MPAs

Although tidal flat mooring in MPAs during restricted periods is
limited in respect to tidal flat mooring elsewhere (Table 4), we identified
to what extent ships are in MPAs during closed periods. Table 5 shows a
selection of the nine MPAs most visited for high and low tide situations.
The full table can be found in the Supplementary Material online. Fig. 9
shows a low tide point density map of all tidal flat mooring locations
during restricted periods. As a reference: if a single ship is tidal flat
mooring, it is represented by at least 360 AIS data points (6 h) during the
low tide period, unless the AIS equipment is switched off. Ships traveling
through MPAs at high tide are typically represented by much fewer data
points.

During the season as a whole around 32,000 (540 h) AIS data points
were registered within MPAs during restricted periods. Of these, around
21% (111 h; 19 boats for a 6 h period) were registered as tidal flat
mooring. Daily, this means that on average 212 min per day over the
entire study areas was recorded. Tidal flat mooring intensities inside
MPAs are considerably lower (38 AIS data points km_z) than outside
MPAs (152 km ™).

The spatial distribution of tidal flat mooring is heterogeneous across
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Fig. 4. Point density maps (recreational season 2018) with (a) passenger ships, (b) pleasure craft, and (c) sailing ships.

the tidal flats. The number of logged tidal flat mooring data points is
lower in the western section than in the eastern parts of the Dutch
Wadden Sea. The MPAs Boswad Schild Lauwerswal, Blauwe Balg Noord,
Rottumeroog, Blauwe Balg Zuid, Richel and De Cocksdorp are visited
relatively often. All ships actively carrying AIS are recorded here, irre-
spective of having any permits. To our knowledge, there are only two
licensed passenger ships on the eastern Wadden to get to MPAs (Vroom,
2017, pers. comm.). Due to geomorphological dynamics, some MPA
boundaries may have shifted meaning that there may be some errors in
the AIS data point counts.

5. Discussion
5.1. Methodological enrichment

Visitor flow monitoring can use many methods (Van Marwijk, 2009;
Wolf et al., 2012; Xiao-Ting & Bi-Hu, 2012), some more traditional,
some more innovative (Korpilo et al., 2017; Van Marwijk, 2009).
Although AIS is regularly applied to assess spatial and temporal distri-
butions of ship activities, it is still a relatively under-used method (Kaiser
& Narra, 2014) and mainly focuses on sea traffic safety (Silveira et al.,
2013). With this paper, we add to the existing literature specifically
focussing on recreation. We show that the globally available AIS data
can be a useful tool to assess spatial recreational boating patterns in a
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marine natural area. Our analysis delivered valuable visitor flow infor-
mation specifically for the Wadden Sea area. We expect that such ana-
lyses can be adopted in other sensitive coastal waters as well, since AIS
data are commercially available worldwide by network services such as
ORBCOMM (e.g. Oozeki et al., 2017) or MarineTraffic (e.g. Deter et al.,
2017). In some areas, AIS data can be obtained via regional coast guards
(e.g., in Canada, see Erbe et al., 2014), maritime authorities (e.g., in
Denmark, see Hermannsen et al., 2017) similar to the data-acquisition

for the present study.

5.2. Caveats of the AIS approach

Overall, the use of AIS data appears to be a promising way to assess
full season recreational patterns for a large area. Acquiring AIS is rela-
tively easy since the data is readily available, and our standardised
empirical approach can be transferred to other study areas. There are,
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Table 3

General statistics of ships exceeding speed limits during the 2018 recreational season.
type passenger ship pleasure craft sailing ship total

ferry other

AIS data points (count) 596,182 3,611,268 1,855,231 2,664,195 8,726,876
AIS data points > 20 kph (count) 243,301 184,026 106,903 41,635 575,865
AIS data points > 20 kph where allowed (count) 229,490 138,850 79,042 34,435 481,817
AIS data points > 20 kph where not allowed (count) 13,811 45,176 27,861 7,200 94,048
AIS data points > 20 kph (%) 40.8% 5.1% 5.7% 1.6% 6.5%
AIS data points > 20 kph where not allowed (%) 2.3% 1.3% 1.5% 0.3% 1.1%

however, some quality issues. Firstly, we have found that pre-processing
of the AIS data is vital. Not only was it necessary to filter out terrestrial
and in-port data points, but we have also found that location, draught
and speed data are sometimes erroneous or non-existent, similar to Deter
et al. (2017) for a Mediterranean coastline and Meijles et al. (2014) for a
terrestrial natural area in The Netherlands. Therefore, we calculated
speeds based on subsequent locations and we use the combination of
tide and bathymetry to reconstruct water depth for each AIS data point.
Because of the dynamic geomorphological processes in the tidal sea,
with very active erosion and sedimentation processes locally, we found
that some of the supporting spatial datasets outdated rather quickly. For
our study, this was a problem, since the tidal sea is rather shallow.
Particularly the bathymetry and the location of shipping lanes was
susceptible to errors. Although it would be better to update the sup-
porting spatial datasets on a more regular basis, it is unrealistic to do this
more often than annually due to high costs. Manual interpretation of the
most active gullies is therefore still necessary.

An important aspect of the analysis is the representativity. Although
the AIS database might in an environmental management context be
considered as big data, with nearly nine million records for a single
season, some visitor groups are better represented than others (Her-
mannsen et al., 2019; Wawrzyniak & Stateczny, 2018). Passenger ships
are obliged to actively use AIS so we can reasonably assume that most if
not all of these ships are in the database. Although sailing ships and
pleasure craft seem to be well represented with over four million data-
points, they should be considered as a sample since AIS use is voluntary.
Not all skippers have their AIS equipment switched on, or do not have
AIS on board (Cope et al., 2020; Hermannsen et al., 2019; Heslinga et al.,
2019). To what extent this depends on different motivation groups is not
known, but local experts have the impression that boating visitors
particularly valuing the nature and quietness of the Wadden Sea are
somewhat underrepresented in the AIS database (Vroom, 2017, pers.
comm.). At the same time, other recreation activities (sea kayaking, tidal
flat walking) are not being tracked since they do not carry AIS

equipment. It may be useful to carry out a survey or census based on
aerial photos to analyse the spatiotemporal behaviour of these activities.
A recently developed recognition and identification video monitoring
system by Wawrzyniak and Stateczny (2018) may be very useful in
detecting such activities, although application may be possible for
relatively small areas only. Using radar (Heslinga et al., 2019; Ilcev,
2019), recently developed micro-satellites (Lapierre et al., 2010) or
combining such method with AIS data with other vessel tracking systems
(Cope et al., 2020), may provide useful to fully assess and manage rec-
reational traffic in coastal waters.

5.3. Spatiotemporal patterns in a tidal sea environment

For the Wadden Sea specifically, our findings confirmed quantita-
tively that the majority of the traffic takes place in the natural channels
and shipping lanes. Most of the ships sailing outside the lanes still stay
close to the channels. This might be due to avoiding the heavier traffic in
the lanes themselves, but could also indicate some errors in either the
local bathymetry, the location of shipping buoys or the shipping lane
spatial database, since the Wadden Sea can be highly dynamic in places.
In several MPAs at high tide the number of AIS tracks over the sub-
merged tidal flats is relatively high. Although the intensity is still very
much lower than in the main channels, due to our approach this in-
tensity can now be monitored consistently.

Our analysis has also shown that based on AlS-data, tidal flat
mooring can be mapped. This is important, because this is a highly
valued recreational activity in the study area and may disturb feeding
birds and resting seals but is otherwise difficult to monitor. We identi-
fied the most popular tidal flat mooring places and, at the same time,
flats where mooring activity is limited. We found a relatively high rate of
mooring activity in some Marine Protected Areas. This is important,
since all major resting places of seals (including pupping areas) and
breeding areas of birds are protected as MPA in the Dutch Wadden Sea.
AIS data therefore is suitable to identify potentially problematic
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Table 4
Tidal flat mooring per ship type for the 2018 recreational season.
type passenger pleasure craft sailing ship total
AIS data points
total count 4,207,450 1,855,231 2,664,195 8,726,876
Tidal flat mooring (count) 140,061 76,398 48,134 264,593
Tidal flat mooring outside shipping lane (count) 128,480 60,190 41,058 229,728
Tidal flat mooring in MPA during restricted period (count) 6,638 10 330 6,678
Tidal flat mooring (%) 3.30% 4.10% 1.80% 3.00%
Tidal flat mooring in MPA during restricted period (%) 0.02% 0.00% 0.01% 0.08%

locations, which could inform park rangers about where to patrol more
regularly.

Our monitoring results also suggest that sailing above the speed limit
is not predominant behaviour: speeding behaviour is limited to 1%-2%
of total AIS data-points in the area studied. In most cases, speeding
appears close to shipping lanes. However, the effect of speeding on
(local) birds and seals and other recreationists might be more severe
than the data suggests.

In this paper, we focused on designing the methodology to map out
spatiotemporal recreational boating. However, more research is needed
to assess to what extent tourism negatively impacts the behaviour and
population dynamics of birds and seals (Madsen, 2007; Van Roomen
et al., 2012; Ashley et al., 2020.), including the proximity and speeding

of recreational boats. To establish this, combining AIS data with
spatially explicit ecological indicators and field observations offers a
promising way forward. Van der Kolk et al. (2020) have already shown
the value of such analyses by combining aircraft and shorebird data. For
the Wadden Sea area, ecological geographic datasets such as bird
feeding and resting hotspots and seal resting places would be the most
logical next step.

5.4. Integrating AIS in an ecological monitoring system

Within the scope of this paper we could not address all management
related questions that surround the monitoring of visitor flows in
ecologically sensitive areas (e.g. Hadwen et al., 2007; Lyon et al., 2011;

Table 5
Logged recreational traffic per MPA for the recreational season in 2018.
Restricted period Activity Ship type
(2018) tidal flat mooring sailing passenger pleasure sailing total
MPA km 2 ship craft ship
Boswad Schild Lauwerswal 15/5-1/9 3,948 103 10,674 14,622 0 0 14,622
De Cocksdorp Permanent 1,045 3477 178 1,223 0 0 1,223
Rottumeroog Permanent 836 49 1,054 1,610 0 280 1,890
Blauwe Balg noord® 1/4-1/9 461 30 3,493 412 98 3,444 3,954
Blauwe Balg zuid 15/5-1/9 162 10 466 587 20 21 628
Zuiderduintjes 15/5-1/9 160 9 255 306 88 21 415
Het Rif* Dynamic 33 9 134 44 7 116 167
Holwerd veerdam” 1/4-15/8 19 59 2 21 0 0 21
Richel Permanent 12 2 1,403 977 198 240 1,415
Total" 6,678 23 25,807 26,140 1,404 4,941 32,485

# Laying idle, anchoring and drifting is prohibited. Passage only allowed from 3 h before to 2 h after high tide.
b Not indicated on (paper) nautical maps in 2018.

¢ Prohibited in the period from 3 h before to 2 h after high tide.

4 Only the MPAs shown with logged AIS data points. The full table can be found in the Supplementary Material.
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Schlacher et al., 2013; Wimpey & Marion, 2011). We expect our meth-
odology of assessing recreational boating patterns to be particularly
useful in relation to environmental pressures. Firstly, the AIS data and
resulting recreational pressure maps can be used to identify possible
areas where recreation could conflict with (sensitive) natural areas. For
example, Deter et al. (2017) have shown, that by combining AIS with
seabed maps, damage to seagrass beds in ecological sensitive coastal
waters could be identified. Also, it has been shown that anthropogenic
underwater noise can be harmful to marine mammals (such as seals) and
may affect their behaviour and communication (Erbe, 2012; Merchant
et al., 2014). Although in deep sea, AIS data maps can be constructed
showing the ambient noise (Erbe et al., 2014), until recently, lack of AIS
data prevented this kind of analyses in shallow waters (Magnier &
Gervaise, 2020). This is important, since shallow waters have the ten-
dency to dampen low frequency noise from larger ships, but increase
mid-to-high frequency noise, usually from smaller recreational ships
(Hermannsen et al., 2019).

For the Wadden Sea, using spatially explicit bird data on high tide
roosts, rich feeding grounds, locations of moulting ducks and breeding
colonies during the breeding season combined with spatiotemporal AIS
analysis could provide detailed insights in possible pressure locations.
This holds also true for seal haul out and suckling young sites. Although
our analysis will not replace field-based observations, it does provide a
method to analyse such pressures for a large area for a full season, which
was not possible previously with field observations only. Therefore, we
recommend further developing the methodology by combining spatio-
temporal recreational patterns with ecological indicator data and to
create synergy with field monitoring.

Secondly, the smallest recreational crafts in the area, such as small
speed boats, water taxis, sea kayaks, kite surfers and tidal flat walkers
are currently not recorded in the data. Although their numbers are
substantially lower than sailing and pleasure craft, they are part of the
typical recreational activities in shallow coastal waters, and may also
have impact on natural values. The current AIS analysis method could
therefore be extended to also include radar data, since these data cap-
ture all movements, including smaller craft that is currently not using
AIS (Cope et al., 2020; Wawrzyniak & Stateczny, 2018). However, radar
data would require extensive filtering to produce a ‘signal’ of recrea-
tional activity. In addition, other mobile data, such as STRAVA, other
voluntary use of GPS data or other crowd mobile data sources may be
good alternatives. It is essential, however, to also combine this with field
observations to validate AIS and radar signals.

Thirdly, our method allows for monitoring over longer time periods.
To identify trends in recreational behaviour, or the effectiveness of
possible policy measures, the method can be further standardised as a
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monitoring methodology for the coming years. At the same time, as AIS
data have been stored for several years now, monitoring can also take
place retrospectively. For management purposes, trends or stepwise
changes can be better identified if the methodology is carried out in a
long-term standardised way.

We can therefore conclude that AIS technology can provide a useful
tool for studying recreational pressures for longer periods and for large
areas, and can be further developed to also assess more concrete re-
lationships with natural values, in which both the experience of visitors
as well as the ecological quality are considered.
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