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Zusammenfassung 
Die anthropogenen Effekte auf das Ökosystem Wattenmeer an der Küste der Industriestadt 
Esbjerg (Dänemark) wurden anhand der gefundenen Arten des Makrozoobenthos untersucht. 
Organismen- und Sedimentproben wurden analysiert, um mit Hilfe von Indikatororganismen 
die Einflüsse vom Hafen, einer Kläranlage und anderen anthropogenen Aktivitäten zu 
ermitteln. Die Artenanzahl und Abundanzen sowie Sedimenteigenschaften wurden mit 
anderen Studien im trilateralen Wattenmeer verglichen. Da die Erweiterungspläne des Hafens 
von Esbjerg einen aktuellen Anlass für die Studie boten, wurde außerdem versucht, den durch 
eine weitere Hafenerweiterung zu erwartenden Verlust an Organismen abzuschätzen. 
Außerdem wurden Hintergrundinformationen über die Hafenerweiterung durch Interviews und 
Zeitungsartikel zusammengetragen. Insgesamt wurden 16 Organismenproben und 
12 Sedimentproben an fünf Probenahmestellen genommen: Hafen (H), Damm (D), Bucht (B) 
und Wattenmeer (W, unterteilt in W1 und W2). Die meisten Arten wurden in der Bucht und im 
Wattenmeer (W2) gefunden. Insgesamt wurden 19 Arten nachgewiesen. Dies entspricht dem 
Durchschnitt im trilateralen Wattenmeer. Mit einem Anteil von etwa drei Viertel der gefundenen 
Organismen dominierten Polychaeten (Borstenwümer) das Untersuchungsgebiet. Die 
Polychaeten-Arten Arenicola marina, Pygospio elegans und Scoloplos armiger wurden an 
allen vier Orten gefunden. Die ökologische Qualität (M-AMBI-Index) wurde mit Hilfe von Azti‘s 
AMBI-Programm im Mittel als „gut“ eingestuft und unterschied sich kaum zwischen den 
Probenahmestellen. Zufolge der Störungsanalyse (AMBI-Index) waren Arten des AMBI 
Störungstyps III dominant in allen Proben. Für die Bucht wurde die größte und für den Damm 
die geringste Störung ermittelt. Die Artenanzahl der Probepunkte W1 und W2 wurden mit R 
signifikant verschieden getestet. Es konnte in dieser Studie keine signifikante Korrelation der 
Artenanzahl mit den Sedimentparametern festgestellt werden, sondern nur mit dem 
Störungsindex. Im Hafen wurden Indikatororganismen für starke Verschmutzung durch 
Schwermetalle und Tributylzinn-Verbindungen (TBT) sowie für Eutrophierung, 
Sauerstoffmangel und H2S gefunden. Die gefundenen Arten am Damm waren durch Toleranz 
gegenüber physikalischen Einflüssen wie Tidenströmen und Wellen gekennzeichnet. Sie 
bevorzugen hohe Salinität und sind intolerant gegenüber Schwermetallen und hohen 
Nährstoffkonzentrationen. In der Bucht kamen Arten vor, die Brackwasser bevorzugen. W war 
vor allem durch H2S-Bildung geprägt, und W1 wurde wahrscheinlich zusätzlich durch das 
Perkolat einer nahegelegenen ehemaligen Mülldeponie beeinflusst. Der Anteil von 17,5 % an 
Störungsindikatorarten der Gruppen IV und V war größer als der in einer Vergleichsstudie im 
UNESCO Weltnaturerbe-Gebiet aus dem Jahr 2010. Dies könnte die Hypothese der 
anthropogenen Einwirkung auf das Untersuchungsgebiet aufgrund seiner Lage beim 
Industriegebiet Esbjerg bestätigen. Der geringe organische Gehalt im Sediment konnte durch 
die grobe Körnung erklärt werden. Im Vergleich zu anderen Studien im trilateralen Wattenmeer 
waren der Biomassegehalt und die Artendichten gering. Die mittlere Gesamtindividuenanzahl 
war 1264 Individuen pro m2 (ind m-2), und im Mittel hatten die Arten eine Individuendichte von 
124 ind m-2. Verglichen mit der Periode von 1989 bis 1995 ist die Individuendichte der gleichen 
Arten im Mittel auf 45 % zurückgegangen. Nur 68 % der durchschnittlichen Artenanzahl im 
Untersuchungsgebiet zwischen 1987 und 1995 wurden gefunden. Die könnte auf einen Verlust 
schließen lassen, wobei allerdings der Probenumfang der vorliegenden Studie geringer war. 
Der Anteil der Polychaeten hatte seit der früheren Untersuchung stark zugenommen, während 
Mollusken stark zurückgegangen waren. Die Organismenproben in der Bucht hatten ein 
durchschnittliches Frischegewicht von 4,56 g pro 0,0177 m2, und die Hochrechnung auf die 
Fläche von 1 km2 der geplanten Hafenerweiterung ergab einen potentiellen Verlust von 257,5 t 
Makroinvertebraten. Dieser Organismenverlust konnte unter der Annahme, dass 40 % des 
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Bestandes für Vögel zugänglich sind, näherungsweise durch den jährlichen Nahrungsbedarf 
von 1058 Austernfischern illustriert werden. Auch wenn ein spezieller negativer Einfluss des 
Hafens nicht in der Anzahl an Arten und Individuen widergespiegelt wurde, könnten die Arten 
Capitella capitata und Heteromastus filiformis, welche nur im Hafen gefunden wurden, starke 
Verschmutzung indizieren. Diese Studie konnte einen anthropogenen Einfluss vor allem durch 
eine Kläranlage und den Hafenbetrieb auf das Untersuchungsgebiet zeigen, und Rückgänge 
von Artenanzahl und Abundanzen wurden festgestellt. Alternativen wie Trockenhäfen bzw. 
Platzoptimierung auf dem Hafengelände sollten gegenüber einer Hafenausweitung ins 
Wattenmeer bevorzugt werden, um das UNESCO Weltnaturerbe Wattenmeer vor 
zunehmenden Einflüssen und Artenverlusten zu bewahren. 
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Abstract 
The anthropogenic effects on the ecosystem Wadden Sea at the coast of the industrial town 
of Esbjerg (Denmark) were studied using the macrozoobenthos as indicator organisms. 
Organism- and sediment samples were analyzed in order to deduce influences of Esbjerg 
Harbor, a wastewater treatment plant and other human activities. The number of species and 
abundances as well as sediment properties were compared to other studies in the trilateral 
Wadden Sea. As the idea of the study was initiated by current extension plans of Esbjerg 
Harbor, it was also attempted to estimate the approximate loss of organisms in case of an 
extension. Moreover, background information was obtained throughout interviews and 
newspaper articles. In total, 16 organism samples and 12 sediment samples were taken at five 
sampling locations: The Harbor (H), the Dam (D), the Bay (B) and the Wadden Sea (W, splitted 
in W1 and W2). Most species were found at the Bay and the Wadden Sea (W2). In total, 19 
species were encountered which corresponds to the average in the trilateral Wadden Sea. 
Polychaete worms dominated the investigation area with about three-fourth of the total 
encountered organisms. The polychaetes Arenicola marina, Pygospio elegans and Scoloplos 
armiger were found at all four locations. The ecological quality (M-AMBI-Index) was found 
“good” on average by Azti’s AMBI program and did not differ much between the sampling 
locations. According to the disturbance analysis (AMBI-Index), species of AMBI disturbance 
type III were dominant in all samples, while the Bay showed the highest disturbance and the 
Dam was assessed to be least disturbed. The number of species at sampling locations W1 
and W2 was tested significantly different by R. In this study, there was not proven a significant 
correlation of the number of species with any sediment parameters. The only correlation of the 
number of species was found with the disturbance and the ecological quality. At the Harbor, 
organisms tolerant to heavy contamination like heavy metals, tributyltin (TBT), organic 
enrichment, anoxia and H2S were found. The encountered species at the Dam featured 
tolerance for physical disturbance like tidal streams and wave exposure. They prefer high 
salinity and are intolerant for metals and nutrients. The Bay was inhabited by species that 
prefer brackish water. W was mostly influenced by H2S generation and W1 was probably also 
impacted by the percolate from a former waste deposit close by. The share of 17.5 % of AMBI 
disturbance-indicating species groups IV and V seemed to prove that the investigation area 
indeed was influenced by additional impacts compared to a study from 2010 in the UNESCO 
reserve. This supports the assumption that the investigation area could be influenced by 
anthropogenic effects due to its position close to the industrial area of Esbjerg. In comparison 
to other studies, the organic carbon content was quite low at most sampling locations, which 
could be explained by the coarse sediment. A quite low amount of biomass was found which 
goes along with comparably low densities of the different species. The mean total number of 
individuals was 1264 individuals per m2 (ind m-2) and the mean density of the species was 124 
ind m-2. Compared to the period from 1989 to 1995, the density in the investigation area of the 
same encountered species had dropped to 45 %. Only 68 % of the average species number 
in the investigation area between 1987 and 1995 were encountered. This could reveal a 
significant loss, but one has to take into account that the number of samples was lower in the 
present study. The share that polychaetes contribute to the population had increased 
immensely since the former study, while molluscs had declined a lot. The samples of the Bay 
had an average fresh weight of 4.56 g organisms which can be projected to 257.5 t 
macroinvertebrates in the area of 1 km2 that will be taken from the tidal flats in case of a harbor 
extension. This potential loss in organisms could approximately be visualized by the food of 
1058 oystercatchers for a whole year, assuming that 40 % of the prey is available for the birds. 
Even though a particularly negative impact of the harbor was not reflected in the number of 
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species and individuals compared to the other sampling locations in this study, the polychaete 
worms Capitella capitata and Heteromastus filiformis that can indicate heavy contamination 
were detected only at the sampling location in the harbor. This study shows a general 
anthropogenic impact on the investigation area, especially originating from a wastewater 
treatment plant and harbor drift, and losses in species and densities were detected. Alternative 
ways like dry harbors or space-saving improvements within the existing harbor area should be 
chosen instead of extending Esbjerg Harbor into the Wadden Sea area in order to protect the 
UNESCO World Heritage area from increasing impacts and losses in species.  
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1. Introduction 
The Wadden Sea has been influenced by human activities for centuries. Anthropogenic effects 
like fishery, dredging and eutrophication have an impact on the ecosystem. Furthermore, 
several large harbors are located in the Wadden Sea. Among them is Esbjerg Harbor which is 
currently planned to be extended by 1 km2 into the tidal flats. Understanding the resulting 
conflict between economy and ecology is fundamental in order to solve environmental 
problems caused by anthropogenic impacts. Economical interests and places of employment 
are the first priority when plans like the harbor extension are made. However, it is often not 
taken into account that the resulting consequences for the environment will as well impact the 
economy and human welfare by reduction of ecosystem services. Being situated close to the 
UNESCO Wadden Sea World Heritage area, Esbjerg Harbor’s influence on the tidal flats in 
the “buffer zone” today might also impact the Heritage area in the future. Moreover, a 
wastewater treatment plant and a waste deposit are located at Esbjerg’s coast. Hence, several 
human impacts possibly influence the ecosystem. There have been studies about species 
diversity and abundances of macroinvertebrate species in the Wadden Sea for almost a 
century (e.g. Wohlenberg, 1937; Beukema, 1976; Jensen, 1992; Compton et al., 2013), 
however, most of them did not focus on the anthropogenic effect on the Wadden Sea that can 
be shown by indicator organisms. In regard to the harbor extention, an Environmental Impact 
Assessment (EIA) is currently being worked out to preestimate the possible consequences of 
the project.   

Motivated by the extention plans, the goal of this study is to evaluate the impacts of different 
anthropogenic activities in the industrial town of Esbjerg on the Wadden Sea. Applying 
traditional sampling methods and literature research, macroinvertebrates were used as 
indicator organisms to deduce influences on the investigation area. Natural impacts like 
physical disturbance by waves and the sediment composition were taken into account, too. 
The current macrozoobenthic community at the coast of Esbjerg was analyzed and compared 
to other studies, also attempting to evaluate the impact of the harbor drift and a possible 
extension. 

2. Background information  
A detailed background about the habor extension, the ecosytem Wadden Sea and 
anthropogenic effects is important to understand the relation between economy and ecology. 
Therefore, opinions of stakeholders regarding the harbor extension were collected throughout 
personal interviews and newspaper articles. Together with information about the functioning, 
importance and protection of the Wadden Sea, this serves as an introduction of the problem 
of anthropogenic impacts on the environment.  

2.1 The harbor 
2.1.1 Harbors in the Wadden Sea 
There are several large harbors in the trilateral Wadden Sea: Hamburg, Bremen/Bremerhaven 
and Wilhelmshaven in Germany, Delfzijl in the Netherlands and Esbjerg in Denmark (Bahlke, 
2017). Recently, the traditional tasks of the harbors are being transformed towards activities 
related to offshore wind parks and decommissioning of oil and gas platforms. For this reason, 
most harbors are competing about securing a share in this new international business field, as 
the harbors are highly economically important for their regions.   

As environmental impairments due to shipping are getting increasingly attention, systems like 
the Green Award and the Environmental Ship Index (ESI) were developed in order to promote 
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environmentally friendly shipping by honoring measures that protect the environment beyond 
the prescribed constraints (Bahlke, 2017). Esbjerg Harbor is member of the associations 
EcoPorts, Greenet and Pianic (Esbjerg Havn, 2018). Still, it is possible that the growth of the 
shipping industry might predominate the environment-protecting efforts. 

2.1.2 Esbjerg Harbor’s extension plans 
Esbjerg Harbor is with a size of 4.5 km2 Denmark’s largest harbor (Jyske Vestkysten, 2017) 
and is situated at the west coast (Fig. 2). After the last extension of 0.25 km2 (Jyske Vestkysten, 
2016) was finished in 2017, the next extension stages 5 and 6 are planned: the new east 
harbor is to be extended by 1 km2 (Jyske Vestkysten, 2017). In addition, the plan is to build an 
extra quay of 1 km length and create a harbor island between Esbjerg and the island Fanø. 
This construction project also includes a sheet pile wall with the height of 5 m above the sea 
level in the Wadden Sea (Jyske Vestkysten, 2018a). The extension Stage 5 will be placed in 
the Wadden Sea nature reserve “Nationalpark Vadehavet” (Fig. 1), in elongation of the East 
Harbor (Jyske Vestkysten, 2018b). The area is going to be the domicile of 10 - 40 enterprises 
(Jyske Vestkysten, 2018d). The extension Stage 6, the harbor island, will be located at sea in 
the same area in front of the harbor (Jyske Vestkysten, 2018b). Both stages are situated 
outside the Natura-2000-area. An Environmental impact assessment (EIA) is required 
(European Parliament, 2014) and the VVM-report (Vurdering af Virkning på Miljøet, equal to 
EIA) will serve as a basis for the final decision regarding the possibilities to extend the harbor 
(Jyske Vestkysten, 2017; 2018d). As the EIA-report has been delayed, Esbjerg Harbor’s 
director Dennis Jul Peterson postponed in 2019 the application for stage 6 and aims instead 
for the new facilities of stage 5 to be put into operation in 2026 (Jyske Vestkysten, 2019). 

 

 

Fig. 1: Extension plans of Esbjerg Harbor. 
Extension stages 5 and 6, protected areas “Natura 2000” (also UNESCO World Heritage area) 
and “Nationalpark Vadehavet” as well as the distance to the island Fanø are marked.  
Source: Danmarks Naturfredningsforening, 2017. 
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2.1.3 Reasons for an extension  
Plans about another extension of Esbjerg Harbor were published in 2017 because the harbor 
was at its highest activity level since it was founded (Jyske Vestkysten, 2017). In September 
2018, the capacity of utilisation had reached 90 % (Jyske Vestkysten, 2018e). A market 
analysis had shown that more space is needed to facilitate the growth potential (Jyske 
Vestkysten, 2018e), so an extension is required to enable Esbjerg Harbor to follow the trading 
market’s development (Jyske Vestkysten, 2017). Increasing the number of offshore wind parks 
in the North Sea requires new facilities for the building and shipping of components for wind 
turbines. The new areas are also supposed to give space to enterprises that are part of the 
biological fuel industry and scrapping of installations connected to the oil industry in the North 
Sea. Esbjerg Harbor’s former director Ole Ingrisch stated that the extension will probably 
create thousands of new jobs (Jyske Vestkysten, 2018d). He regards Esbjerg Harbor not as a 
part of the environmental problems, but as part of the problems’ solution: He wants the harbor 
to be part of the change from fossil fuels to renewable energy by shipping wind turbines (Jyske 
Vestkysten, 2018a). According to the government, Denmark has to build the first energy island 
with a capacity of 10 GW by 2030 (Jyske Vestkysten, 2019). Esbjerg’s mayor Jesper Frost 
Rasmussen claims that it is essential for Denmark, especially for southwestern Jutland, that 
Esbjerg Harbor is prepared for the wind turbine business in the future, because it creates and 
secures jobs in the area and supports the green ambitions of countries around the North Sea. 

2.1.4 Opponents of the harbor extension  
The main oppositional stakeholders are Fanø Kommune (Municipality of Fanø), Danmarks 
Naturfredningsforening (DN) (Denmark’s nature conservation organisation) and Nationalpark 
Vadehavet (Danish national park Wadden Sea). These stakeholders demand for a thorough 
analysis to determine what can happen to the sensitive Wadden Sea ecosystem if the 
extension takes place and also whether it is necessary to expand. In fact, Esbjerg Kommune 
(Municipality of Esbjerg), the owner of the harbor, has asked the government to move the 
border of the Natura-2000-area, so that the new part of the harbor can be built in a part of the 
Wadden Sea which belongs to the protected area today. Søren Vinding from Fanø, DN-
representative in “Det rådgivende Udvalg for Vadehavet” (chosen consultants for matters 
regarding the Wadden Sea), sees this as an offence not only to the National Park but also to 
the World Natural Heritage area. He is afraid that in the future, the harbor will continue 
expanding into the Wadden Sea destroying the tidal flats. It used to be said in the vernacular 
in the old days that everything east of the channel Grådyb belongs to Esbjerg area, and 
everything west from it belongs to Fanø area (Vinding, 2019, pers. com.). According to this 
definition, the harbor island would be in Fanø’s area. Fanø’s mayor, Sofie Valbjørn, 
representing Fanø Kommune, states that such a large extension will have serious 
environmental consequences for the Wadden Sea (Jyske Vestkysten, 2018b). Valbjørn claims 
that in the worst case, the Danish Wadden Sea could lose its World Heritage status (Jyske 
Vestkysten, 2018c). Fanø Kommune is concerned that there might be such important 
economic interests that they overshadow the responsibility for nature (Jyske Vestkysten, 
2018c). The habitat area is the same in the Natura 2000 area and in the Wadden Sea harbor 
area, so there will be an impact on the UNSECO area for sure (Valbjørn, 2019, pers. com.). 
The area between the harbor and the Natura 2000 area was supposed to serve as a buffer 
zone, and if it becomes part of the harbor, there will not be a buffer anymore, so Valbjørn is 
worried that the foraging migratory birds might stay away.  
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2.2 The Wadden Sea  
2.2.1 General information and protection  
The Wadden Sea is a tidal area at the south-eastern border of the North Sea extending about 
500 km along the coast (CWSS, 2017). Its tidal flats fall dry twice a day with the water draining 
through the tidal creeks back to open sea. Worldwide, this tidal flat system is unique regarding 
its size and diversity (CWSS, 2017). The area is located partly in Denmark, Germany and the 
Netherlands, and these countries agreed in 1978 on a joint protection by establishing the 
Trilateral Wadden Sea Cooperation. As the Wadden Sea is a highly important and valuable 
ecosystem, it was declared as a Particular Sensitive Sea Area (PSSA) in 1994 in order to 
protect it against marine pollution due to intense shipping (Bahlke, 2017). The Danish Wadden 
Sea National Park “Nationalpark Vadehavet” was established in 2008 (CWSS, 2017). The 
Danish Wadden Sea is also protected by EU-law being Natura 2000-area nr. 89 (NIRAS, 
2018). In 2009, the German and Dutch area of the Wadden Sea became part of the UNESCO 
World Heritage Site, while the 13 % that are Danish joined in 2014 (La Vega et al., 2018). 
Esbjerg Harbor and likewise the investigated Wadden Sea area between Esbjerg and Fanø 
are located south of Ho Bugt and north of the UNESCO World Heritage Site. The investigation 
area has a tidal range of 1.5 m which is quite high compared to other Danish waters (NIRAS, 
2018). One billion m3 water is transported in and out of the area by the tide every day. The 
hydraulic residence time is about 17 days (Ribe Amt, 2004). 

2.2.2 The ecosystem   
The Wadden Sea is regarded as a highly productive ecosystem with great natural, scientific, 
economic and social value (CWSS, 2017). Key values of the Wadden Sea’s natural 
environment are to enable a free play of major natural processes and to maintain scenic 
qualities, both for tourism and natural values (Kabat et al., 2009). Many important ecosystem 
services are offered by the Wadden Sea (Christianen et al., 2017). Its molluscan beds and the 
world’s largest lugworm population serve as a huge filter of tidal waters (Reise et al., 2010). 
Marine invertebrates recycle organic matter by shredding, transport sediment throughout 
suspension feeding and move sediment in the seabed by bioturbation (Levin et al., 2001) 
keeping the sediment permeable (Reise et al., 2010). The macrofauna recycles nutrients and 
regulates nutrient cycles (Compton et al., 2013). Regulating fluxes of nutrients, water, particles 
and organisms between terrestrial, fresh water marine interfaces, the Wadden Sea provides 
essential ecological functions as a critical transition zone (Levin et al., 2001). Besides the 
benthic invertebrates, heterotrophic bacteria and fungi are essential functional groups. 
Consequently, organisms modify abiotic conditions like sediment aeration, texture and 
hydrodynamics and thereby structure communities and influence the ecosystem functioning 
(Olff et al., 2009). The Wadden Sea offers a habitat for 10,000 aquatic and terrestrial species 
and is indispensable for 34 species of coastal birds (Reise et al., 2010). In addition to that, the 
area functions as an important stop for almost 24 million migratory shorebirds (2014) that follow 
the East-Atlantic flyway and rely on the Wadden Sea as a wintering and moulting habitat 
(CWSS, 2017; van Roomen et al., 2017). However, between 2003 and 2014 the numerous 
dominant benthivore species showed a decline by 2.5 million birds (van Roomen et al., 2017). 
As there was no correlation detected to the overall flyway trend, it was concluded that there 
are local impacts on the Wadden Sea causing this decrease. Tidal flats are an important part 
of the ecosystem as they produce food for higher trophic levels and protect the coast (Elliott et 
al., 1998). In order to preserve these ecosystem functions, the size of area has to be sustained 
(Elliott et al., 1998). 
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2.2.3 The food web   
The benthic macroinvertebrates serve as food source for many species including humans 
(Compton et al., 2013). Being the biggest energy source in the Wadden Sea, the benthic 
primary producers build up the basis of the food web (Christianen et al., 2017). The greatest 
part of the primary production consists of microphytobenthos (diatom mats) growing on the 
sediment surface, pelagic microalgae (Olff et al., 2009) and benthic microalgae (Reise et al., 
2010). The dominant benthic invertebrate species, mostly worms and bivalves, feed on 
microalgae and detritus (Olff et al., 2009). They produce detritus themselves and thereby 
particulate organic matter that serves as a resource for other detritivores. Furthermore, 
detritivores mineralize nutrients that the microalgae can reuse. The macrozoobenthos’ 
secondary production is highly important for the ecosystem as it supplies food for higher trophic 
levels (Drent et al., 2017). The benthic fauna is fed by shrimp, fish and seals and provides food 
for millions of birds every year (Reise et al., 2010).  

2.2.4 Composition of the sediment  
The sediment in the Wadden Sea can also be regarded as semisubhydric soil that can be 
identified as a marine gyttja or sapropel that is part of the tydalic gleysols according to the 
WRB-system (Amelung et al., 2018). More than 50 % of the entire Wadden Sea area are tidal 
sand flats. Tidal sand flats usually consist of > 90 % quartz-rich fine sand and contain hardly 
any medium and coarse sand (Amelung et al., 2018). In the sediment, organic matter is 
microbiologically degraded while sulfates from the seawater and iron oxides are 
microbiologically reduced. 

The spatial variation of the composition of species assemblages is mostly determined by grain 
size (Compton et al., 2013). The microphytobenthic biomass is also important, while salinity 
and currents have a minor impact. The composition of the sediment is influenced by organisms 
and physical disturbance like wave exposure and tidal currents that determine the balance of 
sedimentation and resuspension (Olff et al., 2009). These abiotic environmental factors can 
lead to low biomass and silt contents in the sediments (Beukema, 1976). Waves and currents 
decrease the density of the macrobenthic fauna as the disturbance reduces the settlement of 
most species. Sea level rise, especially high tidal and storm flood levels, increases sand 
accumulation and replaces silt and clay by sand in the tidal flats (Reise et al., 2008). This can 
be advantageous for the lugworm Arenicola marina while it has negative impacts on the 
amphipod Corophium volutator. Filter-feeding bivalves promote the deposition of finer 
sediment, while bioturbation of lugworms like Arenicola marina promote resuspension (Olff et 
al., 2009). If more fine particles (silt and clay, organic matter) are suspended than deposited, 
the sediment of the tidal flat becomes coarser.  

2.2.5 H2S generation   
Under anaerobic conditions and at a low redox potential, organic substances can get degraded 
by sulfate reduction to CO2 and H2S (Amelung et al., 2018). In this marine gyttja of the sampling 
area, reduction gases are microbiologically generated because of anoxia. A lack in oxygen can 
be caused by water saturation (Amelung et al., 2018) or throughout enhanced O2-consuming 
disintegration of organic matter due to eutrophication (Wittig and Streit, 2004).  
H2S can also be generated by microorganisms in garbage, sewage sludge and sludge from 
harbors (Amelung et al., 2018). There are many kinds of sulfate-reducing bacteria that reduce 
SO4

2- to H2S. The generated H2S can react with metals to hardly soluble sulfides like FeS or 
oozes at high production levels as a toxic and foul-smelling gas.  
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2.3 Anthropogenic effects 
2.3.1 Macrozoobenthos as indicator organisms 
Differences in species composition of assemblages can be expected along physical and 
environmental gradients (Compton et al., 2013). Describing the varying species composition 
of the macrofauna can help to understand an ecosystem and determine the influence of 
anthropogenic impacts. The macrozoobenthos is defined as the invertebrate community living 
in or on the sediment or hard substrates that is retained on a 1 mm mesh sieve (Drent et al., 
2017). Representing an essential part of the Wadden Sea and being easy to investigate, 
species of the macrozoobenthos are commonly used as indicator organisms for the state of 
the ecosystem. For instance, some species of polychaetes are known as test animals for 
pollution (Fauchald, 1977).  

2.3.2 General human impacts  
Already in history, climate change, sea level rise, eutrophication and human activities like 
fishery have caused changes in the macrozoobenthic community (Drent et al., 2017). Also 
today, eutrophication, non-nutrient pollutants, species invasions, overfishing, habitat alteration 
and climate change can all affect species richness and composition (Levin et al., 2001). 
Contaminants can lead to species loss caused either by direct toxicity and sublethal effects or 
indirectly by impacts elsewhere in the ecosystem, e.g. reductions in prey, primary production 
and structure-building organisms. Dredging, land reclamation and harbor construction 
contribute to seagrass decline (Erftemeijer and Lewis, 2006). Human activities can modify the 
depth, direction and velocity of flowing water and change the transport and redistribution of 
sediment and other material (Levin et al., 2001). This can affect species relying on water flow, 
salinity and drainage. If the amount and composition of particles varies, the species diversity 
and composition of sediment-dwelling organisms like filter feeders and bioturbators can be 
altered. The content of fine fractions in the sediment determines how different organisms are 
distributed in the water, affects the in- and export of organic matter and defines consequently 
the balance of nutrients, carbon and greenhouse gases (Kabat et al., 2009). In addition to that, 
the amount of suspended sediment in the water has an impact on the amount of available light. 
Beside nutrients, light is a limiting factor for primary production. For this reason, disturbance 
by humans as well as by nature can have a cascading effect on the food chain (Christianen et 
al., 2017). Hence, the change of mud conditions throughout construction activities in the 
Wadden Sea could also affect the composition of the benthic community.   

By nature, species diversity in tidal flats is low whereas their functional significance is high, 
which is why changes in species composition can have a significant impact (Levin et al., 2001). 
Losses in species diversity might make the ecosystem more vulnerable to long-term 
destabilizing anthropogenic effects. Losing some species might cause a collapse of important 
mutualistic interactions between species leading to a further decrease of species diversity. 
Thus, the preservation and protection of benthic primary producers and of their habitat, the 
intertidal flats, is essential for keeping the ecosystem in balance (Christianen et al., 2017). 

2.3.3 TBT 
Commonly, contamination by heavy metals and TBT (tributyltin) can be found in harbors 
(Schultze and Nehls, 2017). Since the 1960’s, TBT was used in an anti-fouling coat to reduce 
the growth of organisms on vessel’s hulls (NIRAS, 2018). Being worn of and released into the 
marine environment, it acts as a biocide that is toxic for organisms. Even though TBT has been 
globally banned since 2003, the concentration in the sediment of some of the harbor’s basins 
still exceeds the prescriptive limit (200 µg kg-1) for clapping. In the tidal area Grådyb (Fig. 2), 
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the TBT concentration was too low to measure (Bartholdy et al., 2005).   
Although the snail Littorina littorea can live in TBT contaminated water, the biocide can lead to 
intersex, which is an irreversible pathomorphological development (Oehlmann et al., 1998). 
Hence, juvenile female individuals become sterile. Adults cannot be sterilized, so the detection 
of sterilized individuals proves a high TBT concentration during the snail’s first year of 
development.  

2.4 Relation between economic and ecological aspects 
Ecology and economy are linked (O'Higgins and Al-Kalbani, 2015). The ecology secures the 
function of the ecosystem and thereby the provided ecosystem services that are necessary for 
human welfare. One could therefore try to calculate the damage done to an ecosystem by 
summing up the prizes for measures that can substitute the lost ecosystem services, however 
not all ecosystem services are fungible. Gains in human welfare at one place can have 
immense costs for the ecosystem services that can reduce human welfare at other places. 
  
If a habitat of 1 km2 is taken away and replaced by harbor facilities, this could have an impact 
on the surrounding area and thereby on the UNESCO World Heritage area Wadden Sea close 
by. It cannot be excluded that the natural Wadden Sea area adjacent to the harbor area will 
be avoided by migratory birds if disturbances get to high (Valbjørn, 2019, pers. com). However, 
it is difficult to forecast when a tipping-point will be reached that causes the migratory birds to 
stay away or leads to other damages of the nature reserve. 

As described above, the harbor extension is regarded as important in terms of providing jobs 
and economic growth. But in the end, further extensions can not only become a threat to the 
ecosystem, but could also negatively affect some parts of the region’s economy. The Wadden 
Sea is one of Northern Europe’s most popular tourism areas (Bjarnason et al., 2017). In 2013, 
tourism generated EUR 640 million in Denmark and 5000 full-time jobs were based on tourism. 
Hence, several small enterprises rely on nature tourism in the area. Especially Fanø might 
suffer from the harbor extension as the planned harbor island will be situated only 1 km off 
Fanø‘s coast (Valbjørn, 2019, pers. com). It is unclear if and to which extend the harbor 
extension could impact the entire Danish Wadden Sea. Nevertheless, it would be ecologically 
worthwhile for Esbjerg to invest in nature tourism instead of a harbor extension into the unique 
ecosystem Wadden Sea (Valbjørn, 2019, pers. com). A change in current conditions due to 
the new established harbor facilities could also cause erosion on Fanø‘s east coast which will 
be followed by costs for prevention and restoration (Vinding, 2019, pers. com.). For the people 
in the area, noise and visual inconvenience can be provoked by the building works as well as 
by the harbor drift itself. Losses of Wadden Sea area in general can also be regarded as a loss 
in recreation area for inhabitants, and furthermore a loss of charismatic landscape, culture, 
educational benefits, aesthetic, spiritual and art inspiration (Belgrano et al., 2018). All in all, it 
can be claimed that the Wadden Sea area features a precious value not only regarding the 
ecosystem but as well the welfare and cultural identity of people living in the area that should 
be sustained. However, this scientifical study focusses on the environmental aspects.   

The extension plans of Esbjerg Harbor can serve as an example to illustrate not only the 
conflict between economy and ecology, but also between different ecological attempts: 
Supporting the buildup of globally important green technologies like wind turbines on the one 
hand can negatively affect the ecosystem of the Wadden Sea World Heritage Site on the other 
hand. Still, the investigation in this study focusses on impacts at small scale that can be 
observed analyzing the macrozoobenthos community.  
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3. Materials and methods 
3.1 Investigation area  
The investigation area is located in the Wadden Sea at the coast of Esbjerg, an industrial town 
in Denmark (Fig. 2; Fig.3). There are several human activities that could influence the area: 
Esbjerg Harbor, the wastewater treatment plant Renseanlæg Øst, the industrial area Måde 
with a former waste deposit, and test wind turbines at the top of the coast. East of the 
investigation area, there are waterways discharging water from agricultural land into the 
Wadden Sea. Moreover, the area is naturally influenced by the tides, the tidal stream Grådyb 
and waves.  

 

Fig. 2: Location of the investigation area at the west coast of Denmark.  
The whole area between the green lines belongs to the National Park “Vadehavet”,  
and the tidal flats are also part of the UNESCO World Heritage Site Wadden Sea.   
Source: Open Street Map. Edited with QGIS. 

 

 

Fig. 3: Sampling locations H, D, B, W1 and W2 in the investigation area at the coast of 
Esbjerg (Denmark).   
The green line shows the border between the harbor area and the National Park “Vadehavet”. 
Source: Open Street Map. Edited with QGIS. 
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3.2 Sampling locations  
Organism- and sediment samples were taken by hand at four sampling locations at low tide 
(Fig. 3; Fig. 4). The Harbor location (H) (N 55°27.007‘ E 008°28.945') was a sandy area within 
the East Harbor which had not been deepened yet to be connected to the harbor bassin at the 
time of sampling. The samples were taken at low tide within the mid intertidal zone.   
The Dam location (D) (N 55°26.898‘ E 008°29.054') was between the sea and a dam made of 
stones that surrounds the harbor. The samples were taken about 1 km from the beach, 5 m 
from the dam within the mid intertidal zone. D was located at the dam 600 m northeast of the 
seaside entrance of the East Harbor.   
The Bay location (B) (N 55°27.150‘ E 008°29.614') was a little bay that was right beside the 
eastern border of the harbor which was marked by the dam. North of the bay behind the 
coastline, there was the industrial area Måde. At the Bay, there was brakish water as there 
was a discharge of freshwater from the wastewater treatment plant Renseanlæg Øst (Esbjerg 
Kommune, 2019a, pers. com.). At the sampling day, the location appeared to be polluted as 
abundant garbage (e.g. wires, concrete) was found on the beach (Fig. 4). In the bay area, the 
extension “stage 5” is planned. The samples were taken at the tidal flat 300 m from the beach 
within the mid intertidal zone. 

The sampling location Wadden Sea (W) was chosen as reference sampling location for this 
study as it was the aim to document influences from the industrial town Esbjerg. Therefore, a 
location was searched that was not influenced by large anthropogenic impacts in order to 
compare the species community to the sampling locations that featured known human 
activities.The choice of the reference location was made with the help of Klaus Melbye (director 
of the Wadden Sea Center), Emil Vesterager (M.c. of biology, Wadden Sea Center) and Erik 
Kristensen (Prof. Dr. of biology, SDU Odense). As there was the harbor and the industrial area 
Måde westwards and discharge of waterways eastwards, it was difficult to find a suitable 
location along the coast. As there is a pronounced spatial heterogenity within the Wadden Sea, 
a location further away from the investigation area at the westcoast (e.g. next to Sneum Sluse 
or Kammersluse) could not serve as a comparable primary reference location in this study 
(Kristensen, 2019, pers. com.). The bay eastwards of “Vestre Strandvej” close to Tjæreborg 
was examined as potential location, but the sediment was dominated by silt instead of sand 
and the benthic community was therefore not comparable, either. For these reasons, a location 
between the waste deposit and the waterways was found as the best option for reference 
location W. W1 (N 55°26.996‘ E 008°31.456‘) was located on the tidal flat 2.5 km east of the 
East Harbor and 200 m from the coast within the mid intertidal zone. There was a former waste 
deposit behind the coastline close to W1. In connection to that, there was also a danger sign 
precautionally warning of health risc nearby. A first inspection showed much fewer organisms 
at W1 than expected. Therefore, it was decided to take the remainig samples 150 m more 
eastward, further away from the waste deposit at W2 (N 55°27.029‘ E 008°31.617‘). As half of 
the sampling jars were already taken at W1, and the samples mixed with formalin could not be 
emptied in the field, the two remaining organism sampling jars were used for the sampling at 
W2.  
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Fig. 4: Sampling locations and pollution.   
Sampling locations A Harbor (H), B Dam (D) C Bay (B) and D Wadden Sea (W). E and F show 
the pollution observed in the bay. At the right side of G the wastewater of Renseanlæg Øst is 
discharged into the bay. H shows the wastewater discharge and the intensive growing 
vegetation indicates a high level of nutrients. Scalebar: 118 px = 1 cm.   
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3.3 Fauna and sediment sampling and handling 
3.3.1 Sampling  
The coordinates of the sampling locations were identified with a GARMIN GPS device. At each 
sampling location (H – W), four samples were taken with a cylindrical steel corer (30 cm length, 
15 cm in diameter, 0.0177 m2 in area). The samples were sieved through a 1 mm mesh-sieve 
on-site and the residue was transferred into 1l plastic jars. The samples were labeled and 
preserved with 4 % formalin. Moreover, three undisturbed sediment cores per sampling 
location were taken using kajak tubes (5 cm in diameter) to 10 cm depth.   
All organism- and sediment samples at H, D and B were taken on September 9, 2019. The 
samples at the Wadden Sea location had to be taken another day because the low tide period 
was too short to take all samples. The organism samples at W1 were already taken on 
September 4, 2019, when the whole investigation area was inspected. The sampling at W2 
could first be conducted on September 16, 2019, as the sampling on dry fallen tidal flats was 
not possible earlier due to the tidal schedule and windy weather. The sediment cores were 
taken on September 16, 2019 at both locations in the Wadden Sea, one core at W1 and two 
cores at W2.  

3.3.2 Treatment of organism samples  
In the laboratory, the formalin was rinsed out of the organism samples. The material was 
transferred to sorting trays and the organisms were picked, stored in vials and conserved with 
70 % ethanol. For the analysis, the different organisms were placed in petri dishes containing 
70 % ethanol and were counted under a dissection microscope using tweezers. For 
identification of the species, various literature was applied (Hartmann-Schröder, 1996; 
Kirkegaard, 1992; Kirkegaard, 1996; Kristiansen and Køie, 2000). Photos were taken with the 
software Leica Application Suite EZ 3.4.0 (Leica Microsystems, Switzerland, 2016).  

The organisms were also weighted. The fresh weight per sample was estimated, because the 
organisms should not be damaged as they were still needed for the analysis. To compare the 
biomass to other studies, the fresh weight was approximately converted to ash-free-dry-weight 
(AFDW) according to Compton et al. (2016) (80 g fresh weight equal to 12 g dry weight).  

3.3.3 Treatment of sediment samples  
In the laboratory, the sediment cores were sliced into sections (0 - 1, 1 - 2, 2 - 4, 4 - 6, 6 – 8 cm) 
and were transferred into aluminum trays. The sediment subsamples were dried in the oven 
over night at 105 °C. They were weighted before and after the drying and the water content 
(𝛽) [%] was calculated: 

(1)     𝛽 =
𝑤𝑤−𝑑𝑤

𝑤𝑤
∙ 100 %  

 
where 𝑤𝑤 is the wet weight [g] and 𝑑𝑤 is the dry weight [g] with the weight of the empty 
aluminum tray [g] already subtracted.   
Subsamples of the dried sediment (2 - 3 g) of the sections 0 – 1 cm, 2 – 4 cm and 6 – 8 cm of 
each sample were transferred into crucibles and placed in the muffle furnace at 520 °C for six 
hours. The subsamples were weighted before and after the drying and the loss of ignition 
(𝐿𝑂𝐼) [%], in the following referred to as organic content, was calculated: 

(2)     𝐿𝑂𝐼 =
𝑑𝑤−𝑎𝑤

𝑑𝑤
∙ 100 %  

 
where 𝑎𝑤 is the ash weigh [g] with the weight of the crucibles already subtracted.  
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The water content as well as the organic content are presented as means of the subsamples 
for each sampling location. 

3.3.4 Sediment analysis  
In order to examine grain size, sorting and silt and clay content, 1 - 3 teaspoons of fresh 
sediment were analyzed using the MASTERSIZER 3000 (Malvern Panalytical GmbH, 
Germany). This laser diffraction particle size analyzer measures the grain size according to 
ISO 13320 (Malvern Instruments Ltd., 2013). Silt is defined as the grain size of 2 – 63 µm and 
clay as smaller than 2 µm according to the German Soil Taxonomy (DIN EN ISO 14688-
1:2018-05). Hence, the percentage of particles smaller than 63 µm was determined. The 
sorting was estimated based on Phi Quantile Deviation and ranges from 0 “very well sorted” 
to 2 “very poorly sorted” (Folk, 1974). For all three parameters, the median for the material in 
each subsample (different sections) was calculated in order to eliminate outliners. For each 
sample, only the mean of all subsample medians was presented, because a differentiation 
concerning the sediment sections was not necessary for the purpose of this study, as the 
general sediment characteristics were in focus.  

3.3.5 Statistical analysis  
All obtained data was analyzed in Microsoft Excel 2016 and the means for each sampling 
location were calculated. The Dice Similarity Coefficient (also known as Sørensen’s 
Coefficient) was applied in order to compare the similarities in terms of species between the 
sampling locations: 

(3)          𝐷𝑆𝐶 =  
2 (𝑋 ⋂  𝑌)

𝑋+𝑌
 

 
where 𝐷𝑆𝐶 is the Dice Similarity Coefficient with a value ranging between 0 (no similarity) and 
1 (all species are the same), the expression 𝑋 ⋂  𝑌 describes the number of species that two 
samplings have in common, 𝑋 is the total number of species at one sampling location and 𝑌 is 
the total number of species at the other sampling location. 

Azti’s AMBI software was applied to calculate the Disturbance Index (AMBI) indicating species 
as being part of groups that show a certain level of disturbance. Moreover, the ecological status 
was estimated with the Ecological Quality Index (M-AMBI). M-AMBI is a multivariate index 
based on the Disturbance Index (AMBI), species diversity (Shannon Diversity Index) and 
richness (total number of species). In regard to the start values, the parameter AMBI was left 
with the default values, the highest richness was set to the total number of species encountered 
in the investigation area (19) and the highest diversity was set to the maximum of the Shannon 
Diversity Index (Kristensen, 2020a, pers. com.). The maximum of the Shannon Diversity Index 
(2.944) was calculated with the following equation: 

(4)            𝐻𝑚𝑎𝑥 = ln (𝑆) 

 
where 𝐻𝑚𝑎𝑥 is the maximum of species diversity according to the Shannon Diversity Index and 
𝑆 is the total number of encountered species. 
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The programming software R 3.5.2 was applied for the statistical analysis of the data. Boxplots 
were used to show the difference in medians when splitting the sampling location Wadden Sea 
(W) into W1 and W2. The Shapiro-Test was applied to test if the data was normally distributed 
and the Bartlett-Test was carried out to test for the homogeneity of variances. When positive 
test results showed that the data met these assumptions, ANOVA analysis was used as a F-
test to test for a significant difference between all sampling locations. If the data did not meet 
the assumption of homogeneity of variances, the Kruskal-Wallis-Test was applied as F-test 
instead. 

Fisher’s LSD Test was utilized to find out between which locations the difference in means is 
significant analyzing all possible pairs. In this study, the significance levels 0‘***’ 0.01 ‘**’ 
0.05 ‘*’ were applied. The correlation between the number of species and the organism- and 
sediment parameters was tested using the cor- and corrplot-functions. The geoinformation 
system QGIS Desktop 3.4.13 was used to visualize the sampling locations.  

3.4 Comparison of data  
The results of this study were compared to several other studies that were conducted in the 
trilateral Wadden Sea in the last decades. Data used for species comparison can be found in 
annex IV. Species composition and densities were particularly compared to a study by 
Josefson and Rytter (2015), as it was conducted in the same investigation area as the present 
study (Fig. 3) between 1987 and 1995. In case that the name of a species referred to was 
currently changed, the former name that was used in the earlier study is given in brackets. 

 

 

4. Results 
4.1 Encountered macrobenthic fauna 
4.1.1 Species composition in the samples  
To determine the degree of human impact and disturbance of the investigation area, samples 
of organisms indicating these influences were taken at four different sites. The following tables 
(Tab. 1 – Tab. 4) show the number of individuals of the different species in each sample. A list 
of additional details is added giving the sum of organisms and species and the fresh weight [g] 
for each sample as well as for the whole sampling location, and also the average abundances 
at the location. In the annex, more details can be seen (annex I, Tab. 1) and photos of the 
organism are shown (annex II). 

At the Harbor (H), nine species were found with an average of 5.25 species per sample 
(Tab. 1). Heteromastus filiformis, Pygospio elegans and Scoloplos armiger were detected in 
all of the four samples. Pygospio elegans accounted for the most individuals with a total 
amount of 51. There were observed 115 organisms at H with a fresh weight of 6.84 g.  
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Tab. 1: Species abundances at sampling location Harbor (H) with additional details. 
Abundances in all samples (H1 – H4) and total amount at location H. The list of additional 
details presents the sum of organisms and species and the fresh weight [g] for each sample 
as well as in total and the average number of species at H. 

 samples  
species H1 H2 H3 H4 ∑ H 
Arenicola marina 1 0 0 0 1 
Capitella capitata 2 0 1 2 5 
Chaetozone setosa 1 1 0 0 2 
Heteromastus filiformis 3 2 1 3 9 
Limecola balthica 4 0 0 1 5 
Littorina littorea 0 0 0 1 1 
Pygospio elegans 19 9 20 3 51 
Scoloplos armiger 11 7 5 17 40 
Tubificoides benedii 0 1 0 0 1 
additional details      
sum organisms 41 20 27 27 115 
sum species 7 5 4 6 9 
weight [g] 3.87 0.61 0.65 1.72 6.84 
Ø number of species     5.25 

 
 
 

At the Dam (D), seven species were detected with an average of 3.75 species per sample 
(Tab. 2). Pygospio elegans was found in each sample and showed the highest abundance of 
all species at all sampling locations with 75 individuals. In sample D3 only five organisms were 
discovered. The organisms in the samples at D had a low total fresh weight with 1.87 g 
organisms and a high total number of 114 organisms. 

Tab. 2: Species abundances at sampling location Dam (D) with additional details. 
Abundances in all samples (D1 – D4) as well as the total amount for D are shown. The list of 
additional details presents the sum of organisms and species and the fresh weight [g] for each 
sample as well as in total and the average number of species at D. 

 samples  
species D1 D2 D3 D4 ∑ D 
Arenicola marina 0 0 2 1 3 
Bathyporeia sarsi 0 15 1 0 16 
Corophium volutator 1 2 0 0 3 
Kurtiella bidentata 0 0 0 1 1 
Limecola balthica 1 0 0 0 1 
Pygospio elegans 25 21 2 27 75 
Scoloplos armiger 5 8 0 2 15 
additional details      

sum organisms 32 46 5 31 114 
sum species 4 4 3 4 7 
weight [g] 0.48 0.49 0.66 0.25 1.87 
Ø number of species     3.75 
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At the Bay (B), ten species were found with an average number of 5.75 individuals per sample 
(Tab. 3). Arenicola marina and Limecola balthica were detected in all samples. 
Chaetozone setosa showed the highest abundance with 33 individuals. A high total fresh 
weight of 18.23 g was determined. 

Tab. 3: Species abundances at sampling location Bay (B) with additional details. 
Abundances in all samples (B1 – B4) as well as the total amount for B are shown. The list of 
additional details presents the sum of organisms and species and the fresh weight [g] for each 
sample as well as in total and the average number of species at B. 

 samples  
species B1 B2 B3 B4 ∑ D 
Arenicola marina 1 1 1 5 8 
Cerastoderma glaucum 0 0 2 0 2 
Chaetozone setosa 2 0 12 19 33 
Lepidonotus squamatus 1 1 1 0 3 
Limecola balthica 3 1 4 3 11 
Littorina littorea 0 0 0 1 1 
Pygospio elegans 4 0 0 1 5 
Scoloplos armiger 0 0 1 0 1 
Spio goniocephala 0 1 0 0 1 
Tubificoides benedii 2 4 0 3 9 
additional details      

sum organisms 13 8 21 32 74 
sum species 6 5 6 6 10 
weight [g] 1.13 0.55 4.80 11.75 18.23 
Ø number of species     5.75 

 

 

 

At the Wadden Sea (W), a total of ten organisms and an average of 3.75 per sample was found 
(Tab. 4). The number of species and organisms differed strongly between W1 and W2. The 
average of species was 4.0 at W1 and 6.5 at W2. In total, 3.74 g of organisms were found, 
whereof W2 accounted for more than 80 %. The total number of organisms at W2 was threefold 
higher than at W1, mostly because 26 individuals of Peringia ulvae were found in sample W2.1. 
Scoloplos armiger was present in all samples. Hediste diversicolor was numerous, too. 
Arenicola marina and Lepidonotus squamatus were only detected at W2, while Allita virens 
was only observed at W1. 
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Tab. 4: Species abundances at sampling location Wadden Sea (W) with additional 
details. 
Abundances in all samples (W1.1 – W2.2) as well as the total amount for W are shown. The 
list of additional details presents the sum of organisms and species and the fresh weight [g] 
for each sample as well as in total and the average number of species at W, W1 and W2. 

 samples  
species W1.1 W1.2 W2.1 W2.2 ∑ W 
Allita virens 0 1 0 0 1 
Arenicola marina 0 0 0 1 1 
Corophium volutator 0 0 1 0 1 
Eteone longa 0 0 1 0 1 
Hediste diversicolor 4 5 0 2 11 
Lepidonotus 
squamatus 0 0 0 1 1 

Peringia ulvae 2 0 26 2 30 
Pygospio elegans 0 2 5 2 9 
Scoloplos armiger 1 1 10 3 15 
Tubificoides benedii 2 0 2 4 8 
additional details      

sum organisms 9 9 45 15 78 
sum species 4 4 6 7 10 
weight [g] 0.27 0.42 1.62 1.44 3.74 
Ø number of species 4.0 6.5 5.25 

 

It can be concluded that the most species where found at the Bay (B) and the Wadden Sea 
(W2), whereof W2 showed the highest average number of species per sample. In total, 19 
species were encountered. On average, nine species per sampling location and five species 
per sample were found. The highest fresh weight of organisms was proven at the Bay (B). 
Most organisms were detected at the Harbor (H) and the Dam (D). Pygospio elegans and 
Scoloplos armiger were the most encountered species. 

 

4.1.2 Abundance and distribution of species at the locations 
In order to compare the ecological state of the sampling locations, the composition and 
distribution of species was analyzed. For the purpose of comparison, the total abundances 
were converted to individuals per m2 (ind m-2).  

The Harbor (H) featured two species, Capitella capitata and Heteromastus filiformis, that have 
only been found at this sampling location (Fig. 5). Chaetozone setosa and Littorina littorea 
were observed at H and B. At the Dam (D), Bathyporeia sarsi and Kurtiella bidentata were 
found, which have not been found at other locations. Corophium volutator was detected at both 
D and W. Only at the Bay (B), Cerastoderma glaucum and Spio gonicephala were found. 
Lepidonotus squamatus was found at the Bay and at the Wadden Sea (W). Only at W, the 
species Eteone longa, Hediste diversicolor and Peringia ulvae were ascertained. Moreover, 
Alitta virens was only found at W1. Three species (Arenicola marina, Pygospio elegans and 
Scoloplos armiger) were found at all four locations (H – W). Pygospio elegans showed the 
highest densities with a maximum of 1059 ind m-2.  
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Fig. 5: Comparison of the species composition at sampling locations H - W. 
For every sampling location (H - W), all species found are presented as columns with their 
extrapolated abundance per m2. A logarithmic scale was used, as abundances differ strongly. 
The color indicates if a species was found at all locations H - W (all) or three locations (3), at 
which other sampling location the species was found (H + B, D + W, B + W) or whether the 
species has only been found at one sampling location H - W (only).  
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Hediste diversicolor and Peringia ulvae were found at both W1 and W2 (Fig. 6). Allita virens 
was only found at W1, and Eteone longa only at W2.  

 

 

 

Fig. 6: Comparison of species composition at sampling locations W1 and W2. 
For the sampling locations W1 and W2, all species found are presented as columns with their 
extrapolated abundance per m2. A logarithmic scale is used, as abundances differ strongly. 
The color indicates if the species was found at all locations H – W (all) or at three locations (3), 
at which other sampling location the species has been found (D + W, B + W) or whether the 
species was only found at W1 and W2 (W1 + W2) or at only one of all sampling locations H - 
W1/2 (only).  

 

Based on the mean number of organisms in the samples, a total average of 1264 ind m-2 was 
calculated. The different species showed on average a density of 124 ind m-2. Some species 
like Cerastoderma glaucum were only found at one sampling location, while others like 
Scoloplos armiger were detected at all sites. Therefore, it is discussed later on which 
characteristics these species have to deduce possible impacts on the locations. 
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4.1.3 Share of taxa 
In order to compare the shares of polychaetes, molluscs, crustaceans and oligachaetes with 
another study later on, the share of organisms belonging to the different taxa are presented in 
a pie chart. With about three-fourth of the total encountered organisms, polychaetes dominated 
the investigation area (Fig. 7).  

 

Fig. 7: Shares [%] of the taxa Polychaeta, Mollusca, Crustacea and Oligochaeta.  
The shares were calculated based on the organisms within all samples in the investigation 
area. The class Oligochaeta was only represented by the species Tubificoides benedii. 

 

4.2 Differences in species between the sampling locations 
4.2.1 Analysis of community similarities 
Using the Dice Similarity Coefficient, it was estimated if the sampling locations were similar in 
terms of species. The Bay (B) and the Harbor (H) showed the highest similarity in terms of 
species (Tab. 5). The Wadden Sea locations W1 and W2 also had several species in common. 
Slightly more than half of the species at B and W2 were the same.  

Tab. 5: Similarity of species between the sampling locations (H - W1/2) based on the 
Dice Similarity Coefficient. 
The Dice Similarity Coefficient is calculated as a ratio of the number of species that two 
locations have in common and their summed amount of species in total. Its value ranges from 
0 (no similarity) to 1 (completely similar).  

 H 

D 0.50 D 

B 0.74 0.47 B 

W1 0.40 0.31 0.38 W1 

W2 0.44 0.50 0.53 0.67 

76

14

5 5

Polychaeta Mollusca Crustacea Oligochaeta
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4.2.2 Statistical analysis of the distribution of the number of species  
To examine whether the number of species significantly differs between the sampling 
locations, several analyses with R were applied. The boxplot presents the number of species 
at all sampling locations presenting W together as well as separated into W1 and W2 (Fig. 8). 
Regarding the initial four sampling locations, the Bay (B) showed the highest median of the 
number of species. The Harbor (H) had slightly less species on average than B and slightly 
more than the Wadden Sea (W). Nevertheless, the maximum of both H and W was higher than 
the maximum number of species at B. The Dam (D) had the lowest number of species. The 
medians of B and D were at the same time their maximums. H and W had the largest range. 
Splitting W made W2 account for the highest median of species. W1 showed, on the contrary, 
only slightly more species per sample than D, the sampling location with the least species on 
average. As only two samples with the same value belong to W1, the boxplot contains only the 
median stripe. 

 

 

Fig. 8: Boxplot of the number of species at the sampling locations B, D, H and W, W1 
and W2.  
The medians are symbolized by a horizontal stripe. The ends of the whiskers show the 0.25-
quantile (here also minimum) and the 0.75-quantile (here maximum). Generated with R 
(boxplot-function).  
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The residuals of data1 (W1 and W2 regarded as W) were tested normally distributed by the 
Shapiro-Test (p-value = 0.2654), and the homogeneity of variances was tested positive by the 
Bartlett-Test (p-value = 0.1819). The variance between the number of species at the different 
sampling locations was not truly significant (p-value = 0.0772) according to the ANOVA 
analysis. The residuals of data2 (W1 and W2 regarded separately) were tested normally 
distributed by the Shapiro-Test (p-value = 0.1652), but according to the Bartlett-Test, the data 
did not meet the assumption of homogeneity of variances (p-value < 2.2e-16). The variance 
between the number of species at the sampling locations W1 and W2 was tested significant 
(p-value = 0.0313) by the Kruskal-Wallis-Test. 

 

A significant difference of the number of species was detected between the Dam (D) and B (**), 
W2 (**) and H (*) by the Fisher LSD Test analyzing data2 (Tab. 6). Besides, a highly significant 
difference (**) between W1 and W2 was proven. Data1 could not be tested as the Fisher LSD 
Test can only be applied when an F-Test proved a significant difference between the means 
of all locations. 

Tab. 6: Significance of differences in the number of species between all sampling 
locations with separation of W1 and W2.  
Calculated with the Fisher LSD Test in R. P-values are rounded. Significant p-values are 
shown bold (<0.01) and in standard fond (<0.05) while non-significant p-values (>0.05) are 
shown in grey. 

 H 

D 0.0101 D 

B 0.6662 0.0046 B 

W1 0.0527 0.7243 0.0278 W1 

W2 0.1757 0.0022 0.3009 0.0095 

 

 
The analysis shows that treating the sampling locations W1 and W2 at the Wadden Sea (W) 
separately had a large impact on the statistics. The F-Tests did not prove a significant 
difference between the four sampling locations (H - W). In contrast, for the five sampling 
locations with W split into W1 and W2 (H - W1/2), the difference was significant. W2 showed 
the highest richness of species, while treating the sampling location W as a whole unit, it had 
the second lowest average of the number of species as presented in the boxplots. The 
difference of means between W1 and W2 was highly significant according to the Fisher LSD 
Test.  
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4.3 Differences in environmental conditions between the sampling locations 
4.3.1 Analysis of ecological quality and disturbance with AMBI  
To investigate on differences of species communities between the locations and examine 
possible impacts, the Disturbance Index (AMBI) and the Ecological Quality Index (M-AMBI) 
were estimated. The Dam (D) was least disturbed according to the AMBI-Index as it featured 
species of disturbance group I in two samples, and apart from that only species out of group III 
(Fig. 9). The Bay (B) showed the highest disturbance as on average half of the organisms in 
all samples belong to group IV or V. The Harbor (H) and the Wadden Sea (W) samples both 
contained on average 20 % of these groups, the Harbor showing group IV and V in all samples, 
while in the Wadden Sea only group V species were observed. Most of the type II species were 
found at the Bay. All four samples contained type II species, whereas at H and at W they were 
only detected in one sample each. In total, 77 % of the encountered organisms belong to 
group III, while 17.5 % are part of the groups IV and V.  

 

 

Fig. 9: Distribution of species groups representing disturbance (AMBI-Index) in all 
samples. 
The degree of disturbance was estimated by Azti’s AMBI classifying the species into five 
groups that indicate the degree of disturbance from low (I) to high (V). The composition of each 
sample is illustrated by stacked columns. The y1-axis shows the percentage of the disturbance 
groups that the colored parts of the columns account for. The y2-axis indicates the AMBI-value 
from 0 (best) to 7 (worst). The AMBI-values for each sample are presented as dots. Generated 
with Azti’s AMBI and modified. 
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The ecological quality did not seem to differ much between the sampling locations according 
to the M-AMBI-Index (Fig. 10). All locations featured “good” ecological quality. The Ecological 
Quality Index was assessed to be highest at the Harbor, the Bay and the Wadden Sea location 
W2, while W1 showed the lowest ecological quality. 

 

Fig. 10: Ecological Quality Index (M-AMBI) in all samples. 
The Ecological Quality Index (M-AMBI) is calculated by Azti’s AMBI program based on the 
Disturbance Index (AMBI), the species diversity (Shannon Diversity Index) and the richness 
(total number of species). The index ranges from 0 (bad) to high (best). Generated with Azti’s 
AMBI. 

 

4.3.2 Sediment parameters in relation to the number of species 
In order to find out whether the different number of species at the sampling locations (H - W1/2) 
can be explained by sediment characteristics, sediment cores of all sampling locations were 
analyzed. The sediment properties are represented as average values down to 8 cm depth 
and are shown in relation to the average number of species at each sampling location. Raw 
data of the sediment parameters can be seen in the annex (annex I, Tab 2). 

Organic content, water content and silt and clay content showed a maximum at the Bay (B), 
whereas grain size and the Sorting Index had a minimum at B (Fig. 11). B featured a high 
average number of species. W1 and W2 also showed higher contents of organic matter, water 
and silt and clay than H and D. The second lowest grain size was found at W2. B had the 
highest average number of species. According to the German Soil Taxonomy, the sediment 
could be classified as medium-grained sand at all locations except B, were a fine-grained sand 
was found (DIN EN ISO 14688-1:2018-05). Even though the number of species at B was 
similar to the numbers at H and W2, the sediment parameters at B were different being either 
much higher or lower than at the other sampling locations. The distribution of the number of 
species resembles the ecological quality at the sampling locations. 
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Fig. 11: Mean values of sediment parameters and number of species for sampling 
locations H - W1/2.  
The values of the sediment parameters organic content [%], water content [%] and silt and clay 
content [%] are shown by dotted lines with markers and their values refer to the y1-axis. 
Grain size [mm] and Sorting Index [-] are presented as dashed lines with markers and their 
values refer to the y2-axis. All values are means of analyzed aliquots taken from three different 
sections (0 – 1, 2 – 4, 6 – 8 cm) of the sediment core. The number of species per location [-] 
refers to the y1-axis and is illustrated by columns. The sampling locations at the x-axis are 
arranged from west to east along the coast.  

 

4.3.3 Correlation analysis  
To explain the variance of the number of species between the sampling locations, the 
correlation with sediment- and organism parameters was tested. The R analysis proved a 
significant correlation (*) between the number of species and the Disturbance Index (Fig. 12). 
The correlation between the number of species and Ecological Quality Index was highly 
significant (**). There was not found any other correlation with the Ecological Quality Index. 
None of the parameters was correlated with the abundance of organisms. The biomass was 
negatively correlated (*) with the grain size. The Disturbance Index was tested to have 
significant correlations with several sediment parameters. All sediment parameters were 
strongly correlated with each other. Grain size was negatively correlated (***) with the organic-, 
water- and silt and clay content and positively correlated (***) with the sorting. 
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Fig. 12: Correlation between all organism- and sediment parameters with data from  
H - W1/2.  
All data obtained in this study were used to test for correlations between various parameters. 
For the organism parameters number of species [-] (sp), abundance of organisms [-] (o), 
biomass [g] (bm), Disturbance Index [-] (dis) and Ecological Quality Index [-] (bd), the values 
for each sample were used. For the sediment parameters organic content [%] (org), water 
content [%] (water), grain size [mm] (grain), sorting [-] (sort) and silt and clay content [%] (sc), 
mean values for each sampling location were used. Positive (blue) and negative (red) 
correlations between all parameters are shown with significance levels 0.001 ‘***’ 0.01 ‘**’ 
0.05 ‘*’. Generated with R (corr-plot function). 

 

The comparison of the variance of sediment properties and the average number of species at 
the sampling locations suggested a correlation between these parameters, even though it did 
not fit for all locations as well as for the Bay (B). However, the correlation test could not show 
a significant correlation of the number of species with any sediment parameters. The only 
significant correlations of the number of species was found with the Disturbance Index and the 
Ecological Quality Index.  
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5. Discussion 
5.1 Environmental conditions 
5.1.1 Sediment composition 
The sediment in the investigation area was rather coarse compared to the average composition 
of a tidal sand flat (Amelung et al., 2018). The wave exposure and tidal currents can be the 
reason why the sediment is rather coarse at this part of the coast (Olff et al., 2009). Comparably 
low silt and clay contents and biomass were found in this study. This can also be explained by 
the mentioned abiotic environmental factors, as physical disturbances reduce settlement of 
species and prevent finer fractions from settling (Beukema, 1976).   
Sandiness benefits the dispersal of Arenicola marina (Reise et al., 2008) and the species 
facilitates the dominance of coarse sediment (sand fractions) (Olff et al., 2009). Thus, the 
lugworm might become more abundant in the future as tidal flats will continue to get sandier. 
Bivalves enhance the deposition of finer sediment while Arenicola marina stimulates 
resuspension (Olff et al., 2009). At the time of the study, the different sediment composition at 
the sampling locations could not really be explained by the species composition though. At the 
Bay for instance, 13 individuals of the class Bivalvia, namely Cerastoderma glaucum and 
Limecola balthica, were present, and 8 individuals of Arenicola marina (Tab. 3). At the Harbor, 
5 individuals of Bivalvia and 1 individual of Arenicola marina were found (Tab. 1), while the 
sediment was much coarser than at the Bay location (Fig. 11). This cannot be explained by 
the species, as at both locations, bivalves were dominant. The different species probably do 
not influence the sediment composition to the exact same extent. Therefore, in this study, it 
could not be confirmed that Bivalvia being quantitively dominant leads to finer sediment, as 
there was also no big difference in abundances. At the other sampling locations, there was no 
clear quantitative difference between the taxa, either.  

5.1.2 Organic content in the sediment 
An organic-poor marine sediment, for instance a coarse (200 - 400 µm) beach sand, can 
contain about 0.6 – 1 mg total organic carbon per gram dry sediment (Beer et al., 2005). An 
organic-rich sediment, for example a tidal flat with a high mud content, can contain about 
30 mg C g-1 (Kolbe and Michaelis, 2001). In a Dutch study in Balgzand, total organic carbon 
contents of 0.9 – 8.5 mg g-1 were observed (Cadée and Hegeman, 1977). Sediment with about 
1 % dissoluble fraction (< 50 µm) like at H and D showed a minimum of 0.9 mg C g-1 and 
sediment with a similar silt and clay content to sampling location B contained 4.6 mg C g-1. 
Sediment similar to W1 and W2 had a content of 3.4 mg C g-1 (Cadée and Hegeman, 1977). 
Kristensen (1993) states that 167 µmol C g-1 are equal to 0.7 % LOI. If multiplied with the molar 
mass (12 g mol-1), the C-content amounts 2 mg g-1. Thus, C accounts for 29 % of the LOI. If 
the organic content (LOI) of 0.3 - 1.3 % in this study is converted to carbon, it amounts for 0.9 –
3.8 mg C g-1. In comparison to the other studies, the organic carbon content determined in this 
study appeared to be quite low at most locations. Even so, apparently comparable values were 
found in the Dutch Wadden Sea. Although the Bay showed higher C-values than the other 
sampling locations due to the wastewater discharge, it could not be classified as organic-rich, 
either (according to definition above). The reason was probably the rather coarse sediment 
(see below). Nonetheless, the impact of the nutrient supply could be seen, which was also 
shown by the intensive growing vegetation (Fig. 4). In another study, Kristensen (1990) 
compared the C-content in marine animals, plants, micro-organisms, detritus and other kinds 
of organic matter and found an average of 36 % C. Consequently, the organic matter in the 
sediment of the present study could be estimated to amount to 2.5 – 10.6 mg g-1.  
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The correlation test showed a significant correlation between grain size and organic content 
(LOI). The sediment was quite coarse at most sampling locations (on average 220 µm). Finer 
sediments contain more organic matter and also feature a higher primary production (Cadée 
and Hegeman, 1977). A reason is that fine textured substrates generally retain more organic 
substances (Amelung et al., 2018). At physically disturbed locations, organic matter can more 
easily get eroded from the sediment. Moreover, small-grained sediment has a larger relative 
surface that enables the sorption of ions (Amelung et al., 2018). For this reason, more nutrients 
can be captured in substrates with a high silt and clay content. The sediment at most sampling 
locations only contained a small percentage of the finer fractions, which could explain the small 
organic content as there were not so many nutrients that enhance primary production. Hence, 
the low organic content can probably be explained by coarser grain size at most sampling 
locations. At the Bay, the sediment contained about 11 % silt and clay and featured the highest 
nutrient supply because of the discharge of wastewater. Consequently, the highest organic 
content and as well the highest macrozoobenthic biomass was found.  

5.2 Species composition related to environmental conditions 
5.2.1 Species and their characteristics at the different sampling points 
Even though the analyzed sediment parameters could not sufficiently explain the variance in 
the number of species between the different sampling locations (Fig. 12), the properties of the 
sediment and other impacts might explain which species were present at the sampling 
locations, as all species have different preferences regarding their habitats. In the following, 
all species found are presented with their characteristics and their AMBI disturbance-group, 
and it is discussed why the various species were found at the different sampling locations. To 
do that, species habitat requirements are compared to grain size and organic content of 
sediments as well as with other information about the sampling locations, e.g. wave exposure, 
salinity and contaminants. Besides, the predator-prey-relationships and typical communities 
are taken into consideration. Similarities between the sampling locations are pointed out as 
well. Finally, it is concluded whether the species indicate anthropogenic effects that influence 
the sampling locations.  

Species occurring only at the Harbor  
Capitella capitata (AMBI 5) can live in all kinds of substrate (Kirkegaard, 1992). This worm 
prefers mud though, so in coarser sediments lower abundances are found (Tillin, 2016a). In a 
study conducted east of Skallingen in July 1982/1983, densities of 260 to 9000 ind m-2 were 
encountered (Jensen, 1992). As the habor showed the coarsest grain size with more than 99 
% sand, it can be explained that with 71 ind m-2, the density was comparatively low in the 
present study. Capitella capitata tolerates heavy contamination of water (Hartmann-Schröder, 
1996) and can therefore be used as an indicator of pollution (Kristiansen and Køie, 2000). This 
worm can be found in large amounts in O2-poor and H2S-containing sediment, where most 
species cannot live (Kristiansen and Køie, 2000). Its presence in the harbor basin could 
indicate pollution due to harbor drift, as it was not found at any of the other sampling locations 
close by.   

Heteromastus filiformis (AMBI 4) can be found in different sediment types (Steur et al., 1996). 
This worm prefers less well-sorted sediment types, especially muddy sand, but is regularly 
found in fine and medium sands as well (Wolff, 1973). The sediment at the Harbor is very well 
sorted, dominated by medium-grained sand and hardly contains any mud. Even though the 
sediment is not optimal, the harbor is a suitable habitat for Heteromastus filiformis as the worm 
has the advantage over many other species to be able to tolerate heavy contamination 
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(Hartmann-Schröder, 1996). The species also tolerates H2S generation. It is probably tolerant 
to anaerobic conditions as well and can be used as an indicator for pollution just like Capitella 
capitata (Wolff, 1973), with which the species often co-occurs (Wohlenberg, 1937). Hence, the 
species’ presence at this sampling location might indicate a certain degree of pollution. 

Species at the Harbor and the Bay  
The Harbor and the Bay showed the highest similarity in species according to the Dice 
Similarity Coefficient. The reason is probably that both locations are rather sheltered in 
comparison to the others. In addition to that, they showed more signs of pollution which was 
observed in the field and could be indicated by the species as well.  

Due to its large ecological tolerance, Chaetozone setosa (AMBI 4) was together with 
Capitella capitata one of the most dominant species after a total defaunation at the harbor of 
Brest (Hily, 1987). These two species also co-occured in the present study at the Harbor. 
Chaetozone setosa can be found in any sediment (Hartmann-Schröder, 1996), even though 
the worm prefers fine sediment, and sandy sediment is not optimal (Hily, 1987). Hence, there 
were only few individuals at the Harbor. Moreover, the organic content is important, i.e. organic 
enrichment is favored (Hily, 1987). This explains why there have been way more individuals 
(466 ind m-2) at the Bay, featured with the highest organic content, finest grain size and the 
highest silt and clay content. In an optimal habitat, abundances of 5000 to 15000 ind m-2 can 
be reached, but being an opportunistic species, high growth rates as well as high mortalities 
are common for Chaetozone setosa and densities vary strongly (Hily, 1987).   

Littorina littorea (AMBI 2) is adapted to habitats that are extensively species-poor (Fiedler et 
al., 1990). The snail can be found on every kind of sediment, except pure sand (Groß et al., 
2016). It feeds on fine green, brown and red algae, so higher nutrient levels might be beneficial 
regarding its food source (Jackson, 2008). The species is also tolerant to various salinities, 
including brackish water. The Bay was characterized by reduced salinity and increased nutrient 
level and green and brown algae were observed close to the wastewater discharge. 
Accordingly, the Bay, being influenced by the wastewater treatment plant, appeared to be a 
suitable habitat. Littorina littorea has been proposed as a bioindicator for heavy metals 
(Jackson, 2008). Indeed, a current analysis found heavy metal contents in the sediment of 
Esbjerg Harbor, but not exceeding boundary values (NIRAS, 2018). Heavy metals that are 
deposed in the Wadden Sea originate mainly from the North Sea (Bartholdy et al., 2005). 
Watercourses e.g. from a wastewater treatment plant and industry as well as sea disposal from 
Esbjerg Harbor have only a minor impact. Littorina littorea tolerates high TBT levels and can 
be used for TBT effect monitoring (Oehlmann et al., 1998). The pollution as well as the 
eutrophication might be the reason why Littorina littorea was found at the Habor and the Bay 
but not at the other sampling locations, as these sampling locations offered a suitable 
ecological niche with less competition. As the species prefers little wave exposure (Jackson, 
2008), these locations might as well have been more favorable as they are more sheltered 
than the Dam and the Wadden Sea. 

Species occurring only at the Dam  
Bathyporeia sarsi (AMBI 1) lives in medium and fine well-sorted clean sands (Tillin, 2016b). 
Both features applied to the Dam as also to the other locations. Still, the location showed the 
smallest organic content, which might have made it the cleanest sediment of all. The amphipod 
is tolerant of physical disturbance due to tidal streams or wave exposure (Tillin, 2016b), which 
could explain why the species was found at the Damn instead of at the rather sheltered Bay 
and Harbor. Bathyporeia sarsi can be found in the shallow sublittoral in a depth of up to 30 m 

https://doi.org/10.24355/dbbs.084-202011300839-0



Schwenkler (2020): Anthropogenic effects on the macrozoobenthos in the ecosystem Wadden Sea  

 

32 
 

(Tillin, 2016b). After a storm, organisms from contiguous areas can colonize the sediment via 
surf plankton. Consequently, the numerous organisms might have come floating from the 
nearby situated tidal stream Grådyb. The biotope Bathyporeia sarsi lives in is rather poor in 
species (Tillin, 2016b), as has been the Dam in this study. The species can be found in the 
same community as Limecola balthica (studied as Macoma balthica) (Tillin, 2016b), which was 
found at the Dam as well.  

Kurtiella bidentata (AMBI 3) can live in sand, muddy sand and sandy mud (De-Bastos and Hill, 
2016). The mussel‘s habitat is situated near wave exposed deep waters with weak tidal 
streams. The Dams closeness to Grådyb might therefore explain that unlike the other locations, 
this sampling location was inhabited by the species. Kurtiella bidentata is also common to live 
in the same community as Scoloplos armiger (De-Bastos and Marshall, 2016), which was 
abundant at the Dam as well. 

Species at the Dam and at W2  
Corophium volutator (AMBI 3) lives in muddy sand, mud and sandy mud and cannot live in 
pure sand (Neal and Avant, 2006). The amphipod is highly intolerant to metals. That is probably 
why it did not appear at the sampling location Harbor. Simultaneously, it can be deduced that 
the Dam was probably not very polluted by metals from the Harbor, even though it is close by, 
which might be explainable by the way the currents flow. Corophium volutator is also highly 
intolerant for nutrients and prefers high salinity (Neal and Avant, 2006). For this reason, it has 
probably not been found in the Bay either. Corophium volutator is part of the Corophium-
Pygospio-zone (Hartmann-Schröder, 1996). At both D and W, as at all other locations, 
Pygospio elegans was present. The species gets preyed on by Hediste diversicolor (studied 
as Nereis diversicolor) (Huxham et al., 1996), which was found at W2, too. Although the 
sediment at W2 was finer than at D, the species was more abundant at D. This can presumable 
be explained by the low nutrient level at D, indicated by the lowest organic content of all 
locations, and maybe also by the presence of a predator species at W2.  

Species occurring only at the Bay  
Cerastoderma glaucum (AMBI 3) can live in sediment with a broad range from coarse sand to 
mud (White, 2002). Even though the mussel can tolerate high salinities, it typically lives in 
brackish water (Kristiansen and Køie, 2000). The salinity of the Bay was probably reduced due 
to the discharge of wastewater, which explains why Cerastoderma glaucum instead of its twin 
species Cerastoderma edule was found at this sampling location.  

Spio gonicephala (AMBI 3) is a quite rare spionid worm that has been found in Denmark in the 
Macoma-community (Kirkegaard, 1996). According to Kirkegaard, it lives at a depth of 8 – 10 m 
and was only found in Øresund until 1996. Nevertheless, this species was detected 1989 in 
the North Sea north of Esbjerg (Josefson and Rytter, 2015), so its appearance is not unlikely, 
though data for its occurrence in the Danish Wadden Sea could not be found. The Bay was 
the location with the most individuals of Limecola balthica, (former: Macoma balthica), so there 
might have been a suitable habitat for Spio gonicephala in the community. Nevertheless, it 
cannot be excluded that the species was misidentified and Spio filiformis was found instead. 
Spio filiformis is one of Denmark’s most common spionids that also lives in the North Sea 
(Kirkegaard, 1996). It was found several times between 1987 and 1995 in the investigation 
area (Josefson and Rytter, 2015). Unfortunately, a verification of the identification was not 
possible. However, the identification of Spio spec. on species-level was not necessary for the 
purpose of this study, as its aim was to examine the anthropogenic influence on the ecosystem. 
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In any case, Spio spec. could not serve as a true indicator because only a single individual 
was found in this study. 

Species at the Bay and at the Wadden Sea   
Slightly more than half of the encountered species were the same at B and W2. This can 
probably be explained by the finer sediment and the higher organic content in comparison to 
the other locations.  
Lepidonotus squamatus (AMBI 2) lives on sandy substrates in mesohaline brackish water 
(Hartmann-Schröder, 1996). Although the Bay had a higher silt and clay content than the other 
locations, its sediment was classified as a fine sand and appears therefore to be a suitable 
habitat for the species.  The presence of the scale worm again shows reduced salinity. 

Species occurring only at the Wadden Sea   
W1 and W2 had several species in common, which can be explained by the closeness of the 
two sampling locations resulting in the same surroundings and wave exposure. In addition to 
that, they showed rather similar contents of silt and clay and organic matter. Despite the 
similarities, the difference of the encountered number of species between the locations is 
significant according to R analysis. Also, the fact that the species communities of H and B were 
more similar to each other than the communities at the two sampling locations at the Wadden 
Sea site supports the decision to regard W1 and W2 as separate locations. 

Eteone longa (AMBI 3) can live in many kinds of sediments, but it prefers finer grained sand 
(Wolff, 1973). W1 showed the coarsest grain size (268 µm) of all locations, while the sand at 
W2 was slightly finer (232 µm). This might explain why the worm appeared at W2 and not at 
W1.  

Hediste diversicolor (studied as Nereis diversicolor) (AMBI 3) prefers organic rich silts, but as 
the species is inferior to competitors like Alitta virens (studied as Nereis virens), it adapts and 
can be found in any sediment (Kristensen, 1988). The worm is euryhaline and eurythermic and 
refuges to marginal habitats. The species can even get preyed on by Alitta virens (Thieltges et 
al., 2011). Both species were present at W1. Hediste diversicolor can prey on Peringia ulvae 
(studied as Hydrobia ulvae), Corophium volutator (Huxham et al., 1996) and Pygospio elegans 
(Thieltges et al., 2011). At W, these species that belong to the prey spectrum of 
Hediste diversicolor were present. Hediste diversicolor (studied as Nereis diversicolor) also 
possesses a filter-feeding mechanism (Harley, 1950). Living as a facultative filter-feeder on 
phytoplankton was suggested as an adaption to a broader fundamental niche which might be 
beneficial when coexisting with Alitta virens (studied as Nereis virens) (Nielsen et al., 1995). 
Hediste diversicolor shows also a higher tolerance to hypoxia than Alitta virens (Budd, 2008). 
The fact that Hediste diversicolor does not have specific requirements concerning neither the 
substrate nor the food might explain that the species was much more abundant at W than 
Alitta virens. Hediste diversicolor showed a density of 254 ind m-2 at W1. In general, the 
species density can vary between 35 and 3700 ind m-2 (Scaps, 2002). At W1, the density was 
4.5-fold higher than at W2. The cause might be the absence of Arenicola marina; 
Hediste diversicolor profits from the fact that the surface layer is more stable and nutritious 
without the bioturbation of lugworms (Volkenborn and Reise, 2006). Even though the species 
is adapted to various environmental conditions, toxic metals can be problematic if the uptake 
rate is too high (Budd, 2008). However, individuals can inherit tolerance for some metals (Grant 
et al., 1989). In this study, there was no sign for the development of tolerance as the species 
did only appear at the sampling location with the greatest distance from the harbor.   
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Peringia ulvae (AMBI 3) lives in mud, sandy mud and muddy sand (Jackson, 2000). Sediment 
analysis indicated medium-grained sand with 6 % silt and clay, which seemed to be tolerable 
for the snail. The species prefers less wave exposed areas and can tolerate different salinities 
and (sewage) polluted water (Jackson, 2000). It gets preyed on by Lepidonotus squamatus 
and Hediste diversicolor (studied as Nereis diversicolor) (Thieltges et al., 2011), which were 
both present at the Wadden Sea location. At W1, 56 ind m-2 were found, and 791 ind m-2 at 
W2, while a reference study describes densities of 5000 to 65000 ind m-2 (Jensen, 1992). 
However, in that study, a 0.5 mm mesh and a smaller core sampler were used (Jensen, 1992) 
which is more appropriate for the sampling of this small species (Kristensen, 2020b, pers. 
com.). High numbers of  Peringia ulvae can often be found at locations with high abundance 
of Corophium volutator (Wohlenberg, 1937). In this study, Corophium volutator was present at 
W2 but absent at W1. Although W2 seems to be a more suitable habitat than W1, both 
locations did not appear to be optimal.  

Alitta virens (studied as Nereis virens) (AMBI 3) prefers organic poor sand (Kristensen, 1988), 
which is given at W1. One might deduce that the species does not cope well with eutrophication 
and consequently pollution. Alitta virens preys on Hediste diversicolor (studied as 
Nereis diversicolor), Tubificoides benedii and Corophium volutator (Thieltges et al., 2011), 
which were found at the Wadden Sea. Allita virens was suspected to be an invasive species 
(Reise et al., 1998) and a comparative study in Königshafen, Germany found it to be present 
in the last decades while it had still been absent in the 1930’s (Reise et al., 2008). In another 
comparative study at the tidal flats east of Skallingen, Denmark, Alitta virens was neither found 
in the early 1980’s nor had it been found during the studies compared with from the 1930’s 
and 1940’s (Jensen, 1992). Then, in 1989, it was detected east of Skallingen and also one 
kilometer from the investigation area (Josefson and Rytter, 2015). Alitta virens was the only 
potentially invasive species found in the present study. Still, the lack of documentation of the 
species in the past could originate from the fact that Alitta virens is similar to 
Hediste diversicolor which leads to misidentification, and the species can therefore not be 
regarded as invasive as it has been present in Danish waters for a long time (Kristensen, 
2020b, pers. com.). 

Species at H, B and W  
Tubificoides benedii (AMBI 5) lives in sand-mixed substrate that is rich in organic material 
(Kristiansen and Køie, 2000). The different organic contents might have been the reason why 
most individuals were found at the Bay (1.28 %) and the least individuals at the Harbor 
(0.35 %), because a higher organic content offers a higher nutrition supply for the detritivore 
species (Thieltges et al., 2011). Consequently, the species’ presence could indicate the 
highest eutrophication at the Bay. The worm can live under both O2-rich and O2-poor conditions 
with high H2S content (Kristiansen and Køie, 2000). It gets preyed on by Alitta virens (Thieltges 
et al., 2011). 

Species at H, D and B  
Limecola balthica (AMBI 3) lives in mud, sandy mud and muddy sand (Budd and Rayment, 
2001). The mussel is highly intolerant to heavy metals that may cause lethal and sublethal 
effects. This may indicate that neither the Harbor nor the Bay or the Dam sampling locations 
were notably contaminated by heavy metals. The species can tolerate low salinities (Tebble, 
1976). Enrichment in nutrients by wastewater discharge can increase the abundance (Madsen 
and Jensen, 1987, quoted in Budd and Rayment, 2001). The preference for brackish water 
and nutrients might explain that most individuals were found at the Bay. Limecola balthica 
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(studied as Macoma balthica) usually lives at places where Arenicola marina is present 
(Wohlenberg, 1937). In this study, the mussel was present together with Arenicola marina at 
all locations except the Wadden Sea, where the lugworm was not found at W1, either. In the 
Danish Wadden Sea, there was an increase in mussel beds with 1100 - 1200 adults m-2 in the 
1980’s compared to the 1930’s and 1940’s probably because of higher primary production due 
to eutrophication (Jensen, 1992). In the western Dutch Wadden Sea, a decline of the species 
by 90 % was observed between 1997 and 2007 (van Gils et al., 2009). Considering only 
samples in which the species was found, the mean density of Limecola balthica (studied as 
Macoma balthica) was 330 ind m-2 at the investigation area between 1987 and 1995 (Josefson 
and Rytter, 2015) and in this study 137 ind m-2.  Consequently, like in the Dutch study, a decline 
of Limecola balthica can be observed in the investigation area since the earlier study.  

Species occurring at all locations  
Arenicola marina, Scoloplos armiger and Pygospio elegans were present at all locations 
(except Arenicola marina that was absent at W1). These species are typical of sand tidal flats 
(Wohlenberg, 1937). As the investigation area was a tidal sand flat, their dominance is not 
surprising.  

Arenicola marina (AMBI 3) is the largest and most numerous deposit feeder of the Wadden 
Sea (Cadée, 1976). The lugworm can be found, among others, in fine sand, muddy sand and 
sandy mud as well as in mixed sediments (Tyler-Walters, 2008). It avoids substrate with 
coarse-grained sand (Groß et al., 2016). Adults are most abundant at an average grain size of 
100 µm and their abundance declines for sediment coarser than 200 µm (Tyler-Walters, 2008). 
Hence, the average grain-size of 139 µm at the Bay appears optimal for Arenicola marina. 
Even more important for the distribution than the grain size is the organic content of the 
sediment (Longbottom, 1970) because the species feeds on organic material in the sand 
(Kristiansen and Køie, 2000). Finer sediment usually contains more organic matter and has a 
higher primary production (Cadée and Hegeman, 1977). Therefore, the biomass of the 
individuals is higher in finer sediments as more nutrients per grams sediment can be ingested. 
In this study, the Bay as the location with the finest sediment featured the highest organic 
content as well. Suitably, most individuals were found here and fresh biomass was highest. 
The density of lugworms varies usually between tens to hundred individuals per m2 (Bat and 
Raffaelli, 1998), which is exactly the range in which the numbers of individuals remained in the 
present study. The fact that there was only one individual found at the Harbor and the Wadden 
Sea, with no individuals at W1, can probably be related to the rather coarse sediment.   
Arenicola marina is sensitive to metals and was therefore tested suitable as a bioassay 
organism for marine sediments (Bat and Raffaelli, 1998). This might show that the sampling 
locations were not highly contaminated by heavy metals.  

Scoloplos armiger (AMBI 3) is an ubiquitous species (Fiedler et al., 1990)  that is very common 
in shallow water at the Danish coast (Kirkegaard, 1996) and was found at all locations. The 
worm is often associated with Arenicola marina (Kristensen, 2020b, pers. com.). Scoloplos 
armiger lives mostly in sediments with a low silt and clay content (Fiedler et al., 1990) and 
shows its highest abundance in fine sand (Wolff, 1973). The sediment at the different sampling 
locations was classified as a medium grained sand at most locations and the silt and clay 
content remained below 1 % at H and D and was rather low at W (6 %) and B (11 %) as well. 
Consequently, the sediment seemed to be suitable for Scoloplos armiger which was also 
shown by the high densities, especially at H. The species can live with very low salinity 
(Kirkegaard, 1996). Moreover, it tolerates O2-poor conditions and a high H2S content in the 
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sediment (Kirkegaard, 1996). Nevertheless, it profits from the bioturbation of Arenicola marina 
that reduces the sulfide content and enhances the permeability of the sediment (Volkenborn 
and Reise, 2006). Both species were found together at all locations except at W1, where only 
Scoloplos armiger was detected. 

Pygospio elegans (AMBI 3) does not have any requirements concerning the sediment (Fiedler 
et al., 1990), which might be the reason why it was found at all sampling locations. The worm 
gets preyed on by Eteone longa (Huxham et al., 1996) and Hediste diversicolor (studied as 
Nereis diversicolor) (Thieltges et al., 2011) which were present at the Wadden Sea location. 
Pygospio elegans is part of the Corophium-Pygospio-zone (Hartmann-Schröder, 1996). 
Corophium volutator was found at D and B, while D showed the highest density of 
Pygospio elegans of all locations with about one thousand individuals per m2. This suggests 
that the Dam was the most fitting habitat for this species. Another reason for the highest 
abundance of the species at the Dam could be that there were only few other species at this 
sampling location which implicated low competition for Pygospio elegans. At the Habor, most 
tubes were found, probably because they did not get destructed by waves as fast as at the 
Dam. Sheltered sand flats are also found as a typical habitat for tube dwelling worms (Elliott 
et al., 1998).   

5.2.2 Indicated impacts by species characteristics and AMBI analysis 
Considering the habitat preferences of the fauna-communities that were found at the different 
sampling locations, one can deduce potential influences on the sites. Moreover, the 
Disturbance Index AMBI suggests impacts on the sampling locations. 

At the Harbor, the AMBI-Index showed disturbance types III, IV and V and also ecological 
group II in one sample. Indicator organisms for heavy contamination were found. The species 
indicated pollution, H2S generation, heavy metals and potentially also TBT, although this does 
not necessarily mean that these impacts did influence the location. Considering the analyzed 
sediment parameters and other data, some of these indicated impacts have to be relativized. 
The organic content of the sediment was very low. Still, it is possible that the water was 
enriched in nutrients due to harbor activities and the wastewater treatment plant. At the Harbor 
and at the Bay, Littorina littorea was present which is tolerant to high TBT levels. Whether the 
sediment contained TBT or not could not be examined in this study.   
As at the Dam and the Bay, Limecola balthica was found at the Harbor, too. This species is 
highly intolerant to heavy metals and would therefore probably not have been present if the 
concentrations had been too high. Anyway, organisms can have a different degree of tolerance 
for different metals (Bat and Raffaelli, 1998). A comparison with measurements in the harbor 
showed that there has been contamination in the past and heavy metals can still be detected, 
though concentrations do not exceed the boundary values (NIRAS, 2018). However, samples 
that were taken several meters below sea level on the ground of the harbor have accumulated 
contaminants for years of harbor drift and cannot be compared to the samples analyzed in this 
study. The sediment- and organism samples were taken in the easternmost part of Esbjerg 
Harbor that was built in 2017. Hence, the sediment has probably only been impacted by harbor 
activity for some years. Consequently, it only showed the recent contamination by pollutants 
settled from the water. The sampling location was chosen because it was the only site with 
comparable tidal conditions to the Wadden Sea, as the sandflat was at sea level and was also 
influenced by the tides. Nevertheless, its degree of pollution was probably not representative 
for the whole harbor as it was presumably one of the less used parts of the harbor area. Even 
though the sampling location did not significantly stand behind the other sampling locations in 
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terms of species and abundance, further analysis revealed that two of the present species can 
indicate pollution. As these species have not been found at the other locations, it can be 
assumed that the contamination was highest at the Harbor.   

The Dam was rated least disturbed by AMBI as it, among others, featured many individuals of 
the group I species Bathyporeia sarsi that probably came with the high tide from the tidal 
channel Grådyb. One encountered species (Corophium volutator) prefers high salinity and is 
intolerant to nutrients and metals. Thus, there was probably no influence of the wastewater 
that is discharged into the Bay nor by heavy metals from the harbor close by. The species only 
indicated physical disturbance by waves and currents which is not rated as a high degree of 
disturbance. Nonetheless, D showed fewer species (7) than the other locations (H: 9, B: 10, 
W: 10). In general, macrobenthic diversity is lower at clean mobile sandbanks as they are 
highly stressed environments (Elliott et al., 1998). Even though the Dam is not a sandbank, 
the narrow beach next to the dam was quite exposed to waves and its sandy sediment might 
therefore have been relatively mobile, which could explain the low number of species. 

The Bay was most disturbed according to the AMBI-analysis. This sampling location was 
inhabited by species that prefer brackish water. The reduced salinity is a result of the dilution 
of the sea water with water from the wastewater treatment plant Renseanlæg Øst that is 
discharged into the bay (Esbjerg Kommune, 2019a, pers. com.). This also causes an 
enrichment of nutrients in the sediment, which can be seen by the higher organic content as 
well as by the intensive plant growth observed in the field (Fig. 4). Hence, eutrophication could 
be an issue here. The wastewater treatment plant can be regarded as an important 
anthropogenic impact on the Bay location. Furthermore, different types of pollution were 
observed at the sampling location (Fig. 4). The perception of B being the most disturbed 
location could be confirmed throughout the analysis.  
At B, as at H and W, the group V species Tubificoides benedii which can tolerate high H2S 
contents was detected. Its distribution may correlate to the organic content and the silt and 
clay content: The species was most abundant at the Bay, were the organic content and the silt 
and clay content were highest. This suggests that, because of worse aeration within the 
sediment due finer fractions, there was less oxygen which led to more anaerobic disintegration 
of organic material. An increased content of organic material can also enhance disintegration 
processes. Consequently, the higher organic content and silt and clay content could have 
caused an increased generation of H2S at B. In contrast, Tubificoides benedii was least 
abundant at the Harbor where the organic content and silt and clay content were much lower.  

At the Wadden Sea, Tubificoides benedii was the only species indicating a higher degree of 
disturbance. Apart from tolerance to H2S generation, some of the species were tolerant to 
different salinities and polluted water. There could be an impact of water channels east of the 
location that discharge water from agricultural land. Still, the tolerance of the encountered 
species is not a proof of this impact. Hence, no anthropogenic influences on the Wadden Sea 
location could be ascertained throughout the analysis, but human impacts could have a 
possible impact.  

Overall, AMBI group III organisms were dominant with 77 % at all sampling locations and all 
locations seemed to be quite disturbed. The Wadden Sea is generally a highly stressed 
environment compared to other marine ecosystems (Beukema, 1976). Temperatures and 
salinities fluctuate more than in the North Sea. The changing conditions due to the air exposure 
of the tidal flats twice a day cause a natural disturbance that species that live there need to be 
adapted to. For this reason, the rather low species diversity in the Wadden Sea is natural and 

https://doi.org/10.24355/dbbs.084-202011300839-0



Schwenkler (2020): Anthropogenic effects on the macrozoobenthos in the ecosystem Wadden Sea  

 

38 
 

not necessarily caused by human impacts (Levin et al., 2001). Still, anthropogenic effects do 
influence the community compositions (Levin et al., 2001) and contaminants can reduce 
species diversity and their abundances (Elliott et al., 1998). The encountered species in this 
study indicated both naturally and anthropogenically caused disturbances. In a comparable 
study that was conducted in the Wadden Sea close to Vester Vedsted within the UNESCO 
Word Heritage area in 2010, group III species completely dominated with a share of 97 %, 
while group IV and V species only accounted for less than 2 % on average (annex III, 
Kristensen et al., unpublished). In the present study, the share of group IV and V species 
accounted for averagely 17.5 %. Hence, more disturbance of higher degrees was observed in 
this study. This could support the assumption that the investigation area was more influenced 
by anthropogenic effects due to its position close to the industrial area of Esbjerg.   

5.2.3 Validity of the Wadden Sea (W) site as a reference location  
In the statistical analysis, significant differences between the number of species at the 
sampling locations could be found mainly between D and the others. D showed the lowest 
number of species, while H, B and W did not differ so strongly. Hence, W did not really serve 
as an “undisturbed” reference area. Moreover, the test proved that there can be distinguished 
between W1 and W2. The two Wadden Sea sampling locations were quite different in species 
despite the fact that they at first sight had a similar appearance according to the observation 
in the field as well as concerning the sediment analysis. Further research revealed that from 
1966 to 1986, there was an uncontrolled waste deposit behind the coastline 250 m west of W1 
(Esbjerg Kommune, 2019b, pers. com). Both residential waste and toxic waste were dumped 
there (Ribe Amt, 1993). In 2014, the road Møllevej was built and test wind turbines were 
installed at the coast, leading to another anthropogenic disturbance in the area (Esbjerg 
Kommune, 2019b, pers. com). First in 2017, the area of the closed waste deposit was 
completely regulated and prepared for the use by the public. Data of Danmarks Miljøportal 
supported the fact that the former waste deposit area showed soil contamination. The 
groundwater was proven to contain organic carbon, chloride, pesticides and waste deposit 
percolate that was not further classified (Danmarks Miljøportal, 2019). If taken into account 
that there had been an uncontrolled waste deposit for twenty years and waste deposit 
percolate was proven in the groundwater, it can be assumed that some of the percolate has 
also leaked from the original deposit area to the beach and by that into the Wadden Sea. The 
hydraulic potential favors the transport as the waste deposit was situated on the coast at a 
height of about 15 - 20 m above sea level. In more than 50 years, the percolation through the 
coarse substrate to the diagonal measured 300 m distant sampling location seems probable1. 
Subsequently, it can be suggested that the sediment at W1 was more contaminated than at 
W2 because it was closer to the waste deposit and as well to the Måde industrial area with the 
visible pollution at the beach of the bay. Hence, higher concentrations of contaminants might 
have reached W1 as pollutants are diluted when discharged into the Wadden Sea and might 
be transported by the tide to the North Sea. W2, being most distant from all sources of 
anthropogenic influence, was found as the most natural sampling location of the study. 
Anyway, there are estuaries of two water courses about 600 m east of W2. They appear to be 
drainage channels coming from agricultural land. It can therefore be assumed that they carry 
organic material, nutrients, fertilizers and pesticides and discharge them into the Wadden Sea. 
However, it is not clear whether these substances reached the sampling locations, as they are 

 
1 The saturated conductivity of medium-grained sand is approximately 250 – 675 cm d-1 according to 
Ad-hoc-AG Boden (2005). Applying Darcy’s Law, the filter velocity is 12.5 – 45 cm d-1 and assuming 
an effective porosity of 10 – 30 %, the distance velocity is 456 – 548 m a-1.  Hence, in only one year, 
the percolate of the waste deposit could have been transported to the Wadden Sea. 
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diluted directly and probably transported out to open sea. In any case, W2 cannot be looked 
at as an undisturbed area, either. Anthropogenic effects can be found both east and west of 
the location. 

Grindsted factory produced pharmaceuticals between 1914 and 1999 and is known as a 
source of pollutants (Sonne et al., 2017). The groundwater pollutants include chlorinated 
solvents, barbiturates and sulfonamides (Rønde et al., 2017). The contaminated groundwater 
discharges into the stream Grindsted Å (Rasmussen et al., 2015). Grindsted Å as well as 
Ansager Å flow into Varde Å two kilometers west of Ansager (Open Street Map, 2020). Varde Å 
disembogues into Ho Bugt north of Esbjerg. Presumably, there is therefore also a discharge 
of these contaminants into the Wadden Sea. Even so, probably these contaminants did not 
reach the sampling locations as they are diluted when discharged, and, depending on the tidal 
streams, they are probably transported out to open sea instead of eastwards to the 
investigation area.  

5.2.4 Ecological quality   
The Ecological Quality Index (M-AMBI) is correlated to the number of species, which is shown 
by the corrplot (Fig. 12) and can also be observed comparing the distribution of M-AMBI 
(Fig. 10) and the number of species (Fig. 11) at the locations. This correlation seems trivial as 
the number of species is used to calculate the species diversity that is part of M-AMBI. 
Moreover, the disturbance is an important factor determining ecological quality. The correlation 
analysis showed that the number of species was positively correlated to the disturbance 
(AMBI-Index). This could explain why the number of species was highest at the Bay. The Bay 
features most types of disturbance and thereby offers many ecological niches, which increased 
species diversity and hence ecological quality. Still, the number of species did not differ much 
between the sampling locations even though they showed different characteristics in regard to 
sediment conditions, disturbance and anthropogenic influences. Subsequently, the locations 
offer various niches to different species that chose their habitat according to species-specific 
preferences as described above. Hence, some species like Capitella capitata and 
Heteromastus filiformis might have found a suitable habitat at the Harbor, as they cope well 
with pollution, while others like Cerastoderma glaucum only appeared at the Bay because they 
prefer brackish water. Meanwhile, ubiquitous species like Scoloplos armiger and 
Pygospio elegans were present at all locations. In total, the different species compositions 
added up to about the same number of species and ecological quality was found “good” by the 
AMBI program at all locations. 

5.3 Comparison of the macrobenthic fauna to other studies 
5.3.1 Number of species  
In general, the number of species in mudflats is relatively low with a maximum of 20 (Elliott et 
al., 1998). At eleven studied Wadden Sea sites in the Netherlands, Germany and Denmark, 
the number of species varied between 16 and 20 with an average of 19 species per monitoring 
area (Drent et al., 2017). Hence, the total of 19 species that were found in the investigation 
area of the present study corresponds to the average. In a study on the entire Dutch Wadden 
Sea, on average six species were found at each sampling location (Compton et al., 2013). In 
the present study, on average nine species were encountered. Grotjahn and Grotjahn (2006) 
found on average 9.0 species communized in the polyhaline sand tidal flats and 9.3 species in 
the euhaline mixed sand flats. The latter seems to offer a similar habitat as B, with the sediment 
containing more silt and clay and the water being less salty than at the other sampling 
locations. The slightly higher mean number of species compared to the sand flat could be 
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reflected in the equally slightly higher number of species per sample at the Bay location. 
Beukema (1976) found a mean number of 6.6 species in samples of 0.09 m2 area, while in the 
present study, five species per sample (0.0177 m2) were encountered. In the different transects 
of the Dutch study area, 3 - 20 species were found, with an average of 11.3 species per 
transect (Beukema, 1976). In sandy sediments (< 1.5 % clay) less species were found than in 
mixed sediment (1,5 - 5 % clay). In the present study, B and W2, the sampling locations 
featuring higher silt and clay contents, showed more species than D, too. The trend is not so 
clear though as the sediment composition was alike at W1 and W2 while the numbers of 
species were different. Moreover, the Harbor had nine species as well although there was 
hardly any clay. Hence, other factors as discussed above might have been an issue. Hily 
(1987) found 4 species per m2 in the highly polluted zone of Brest Harbor, 40 species in the 
polluted zone, 65 in the unbalanced zone and 60 in the normal zone. These figures show that 
even though a high degree of pollution can reduce the number of species, disturbance can 
also lead to an increase in species as it offers other ecological niches to specially adapted 
organisms. Between 1970 and 2009, an increase from 28 to 38 species in the Dutch 
investigation area Balgzand was found, and the mean species density increased from 13 to 18 
per sampling location (0.95 m2) (Beukema and Dekker, 2011). This gain in species was 
attributed to invaders and change in environmental conditions which facilitates the survival of 
winter-sensitive species. In the present study, the only specie that was not often reported in 
the past was Alitta virens. In total, six species were found that have not been proven in the 
investigation area during the former study by Josefson and Rytter (2015). Anyway, this does 
not indicate a gain as in fact, there might have been a loss as many of the former species were 
not detected in the present study, which is further discussed in section 5.4. 

5.3.2 Encountered species  
Between 1987 and 1995, 13 of the 19 species that were encountered in 2019 were found in 
the investigation area as well (Josefson and Rytter, 2015). This shows that the species 
community did not fundamentally change since the earlier study. In July 1982 and 1983, 12 of 
the species were also detected on the tidal flat east of Skallingen (Jensen, 1992), about 15 km 
from the investigation area. 13 of the species were found in the German Tonnenlegerbucht 
(Wohlenberg, 1937) and in another study, 11 of the species were found in the German Wadden 
Sea region (Grotjahn and Grotjahn, 2006). In the Dutch Wadden Sea, 7 of the species were 
encountered in the 1970’s (Beukema, 1976) and as well between 2008 and 2010 (Compton et 
al., 2013), while Beukema and Dekker (2011) found 10 of the species during a period of 40 
years in Balgzand. Thus, about half of the species encountered in the present study seem to 
be common at most locations in the trilateral Wadden Sea. Regarding the species that were 
found at all sampling locations, Scoloplos armiger was encountered in all studies, and 
Pygospio elegans was found in all Danish and German studies. Grotjahn and Grotjahn (2006) 
also found Scoloplos armiger and Pygospio elegans as being the most frequently encountered 
species in the German haline sand flats. The comparative data suggests that the Dutch 
macrobenthic community might differ more from the studied Danish investigation area than the 
community in German habitats which could be explained by the fact that Germany is adjacent 
to the Denmark while the Dutch Wadden Sea is further away. Compton et al. (2013) found that 
the composition of species assemblages varies from east to west in the Dutch Wadden Sea 
area. Environmental gradients of variables like grain size, exposure time and 
microphytobenthic biomass appeared to determine the different species composition 
(Compton et al., 2013). Consequently, the spatial variation of these variables could also explain 
the larger differences of species communities between the Danish and the Dutch Wadden Sea.   
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5.3.3 Species contribution to biomass  
Beukema (1976) found only Cerastoderma edule, Limecola balthica (studied as 
Macoma balthica) and Hediste diversicolor (studied as Nereis diversicolor) as having a greater 
share than 1 g m-2 each of the biomass. These three species accounted for 40 % of the 
zoobenthic biomass, and together with Mytilus edulis, Arenicola marina and Mya arenaria, they 
amounted to 90 % in his study. During the laboratory work of the present study, 
Limecola balthica, Hediste diversicolor, Cerastoderma glaucum, twin-species of 
Cerastoderma edule, and especially Arenicola marina were also observed to have a significant 
impact on the weight of the samples due to their size. Furthermore, Beukema (1976) noticed 
that the four most frequent species had an average weight of more than 0.1 g ind-1. In the 
present study, Peringia ulvae, Pygospio elegans, Chaetozone setosa and Scoloplos armiger 
showed the highest abundances, though only individuals of the two latter species could 
contribute significantly with their body weight. Ubiquitous species represent the most important 
share of the biomass (Beukema, 1976). With Pygospio elegans, Arenicola marina and 
Scoloplos armiger having been found at all locations in the present study and 
Chaetozone setosa featuring high tolerance to environmental conditions as well, this could be 
testified.  

In order to compare the biomass of the found macroinvertebrates to other areas in the trilateral 
Wadden Sea, the fresh weight of the organism samples was transferred to the equivalent ash-
free-dry-weight (AFDW). In the Bay, a maximum of 39 g AFDW m-2 was found and the least 
macrozoobenthic biomass was found with 3 g AFDW m-2 at W1. An average of 15 g AFDW m-2 
was estimated for the investigation area. The macrozoobenthic biomass averages 
40 – 60 g m-2 in the trilateral Wadden Sea according to values measured since 1989 in eight 
monitoring areas (Drent et al., 2017). Between 1970 and 1974, the biomass of the 
macrozoobenthos in the Dutch Wadden Sea averaged 27 g m-2 AFDW (Beukema, 1976) and 
in 2008 and 2010, it was estimated to be about 24 g AFDW m-2 (Compton et al., 2013). In the 
present study, a quite low amount of biomass was found, which goes along with the 
comparably low densities of the different species. The reason might be that the investigation 
area features a quite coarse sediment and is rather disturbed by anthropogenic impacts.  

5.4 Losses among the macrobenthic community 
5.4.1 Density of species and total individuals  
Recently, many declines regarding species of mammals, birds and fish and also invertebrates 
have been noticed (Lotze et al., 2005). Also, in the present study, the data suggests a loss of 
macroinvertebrates. Between the 1930’s and the 1980’s, no loss in abundances could be 
stated for the investigation area close to Skallingen (Jensen, 1992). Comparing today’s 
abundances in the investigation area with the former study in the 1980/1990’s (Josefson and 
Rytter, 2015), on average, the density of the same encountered species had dropped to 45 %, 
not including Bathyporeia sarsi that showed fivefold higher densities at D and probably came 
floating from the tidal channel Grådyb after a storm. Beyond that, benthivore bird species have 
recently been observed to decline in the trilateral Wadden Sea (van Roomen et al., 2017), 
which also suggests a decrease of  their benthic prey.  

Comparing the mean total number of individuals with other studies also using a 1 mm mesh 
but different sampling techniques, Wohlenberg (1937) found a density of 1026 ind m-2 which 
is similar to the mean of 1264 ind m-2 in the investigation area. Grotjahn and Grotjahn (2006) 
found mean densities of 9766 ind m-2 at an euhaline mixed sand tidal flat and 6904 ind m-2 at 
a polyhaline sandflat the northern coast of Germany. At Brest Harbor, abundances were 
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10000 ind m-2 in very polluted, 12000 ind m-2 in polluted and 2500 ind m-2 in normal zones 
(Hily, 1987), which suggests an increase in organisms induced by pollution. Also, in the present 
study, the harbor showed the highest number of organisms.  

Focusing on the species that were encountered in the present study, the species in the study 
by Grotjahn and Grotjahn (2006) showed average densities of 1424 - 2055 ind m-2. Jensen 
(1992) found 1622 – 7741 ind m-2, Wohlenberg (1937) encountered 40 – 269 ind m-2 and 
Beukema (1976) on average 158 ind m-2. Of course, these mean densities of the different 
species are smaller than the mean density of all individuals, as can be seen with Grojahn’s 
data, because for the mean of total individuals, the densities of all species add up on each 
other instead of being averaged. Moreover, the mean value was selectively calculated, 
because only the species that were found in this study as well were included. Therefore, the 
means are influenced by the fact that some of the abundance-rich species encountered in this 
study were not found in some studies, e.g. Peringia ulvae and Tubificoides benedii were not 
registered by Wohlenberg. Nonetheless, with a mean density of 124 ind m-2 (or 151 ind m-2, if 
only including species that have also been found in other studies) species densities are much 
lower in the investigation area than in the other studies. The abundances of organisms in 
muddy areas can vary between 102 and 106 and are usually higher than in sandy areas (Elliott 
et al., 1998). Although the sediment in the investigation area was very sandy, the texture can 
only partly explain the poorness in abundances as most of the comparative studies were 
conducted on sand tidal flats as well. The fact that most of the studies were conducted some 
decades ago might also have an impact. For this reason, anthropogenic effects can be 
considered as a reducing factor.  

5.4.2 Number of species compared to 1987 - 1995 
In this study, 19 species were encountered, while in the period of 1987 - 1995, a yearly average 
of 28 taxa was proven in the same area (Josefson and Rytter, 2015). In total, 61 taxa were 
found over the years. However, one has to take into account that in the present study only 16 
samples with an area of 0.0177 m2 were taken in total at five locations, while in the former 
study in most years, 54 samples with an area of 0.0108 m2 were taken at ten locations. This 
could lead to the conclusion that the higher number of samples and locations might have 
resulted in the higher yearly taxa numbers.  
However, if one takes a closer look at the first two years that featured a similar study design 
(area 0.049 m2), this does not seem to be the case. In 1988 (12 samples at 6 locations) and in 
1987 (26 samples at 13 locations), 23 taxa were encountered, respectively, even though the 
number of analyzed organisms was twice as high. Hence, one could deduce that the higher 
number of samples and locations did not make a big difference and the species distribution is 
rather homogenous in the investigation area.   
The sampling in 1988 featured resembling design parameters as the present study, except for 
the larger area of the corer sampler. In that year, 11 taxa (8 species) were the same as in 
2019, and additionally, 12 other taxa were found. Compared to 19 species in 2019, the total of 
23 taxa does not appear much higher, also taking into account that the area of the corer was 
larger. However, in the whole period between 1987 and 1995, 28 taxa were encountered on 
average (see above). This appears to be significantly higher than the 19 species found in 2019, 
if one assumes that the higher number of samples does not have a great effect on the number 
of species found but mainly on the accuracy of the species densities estimated. Hence, 
encountering only 68 % of the species average in these years could reveal a loss in species. 
Still, the number of encountered species usually increases with the number of samples 
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(Kristensen, 2020b, pers. com.). Ten samples per location would be recommendable for the 
size of the core sampler applied in this study, which would offer a better basis for comparisons. 

According to the analysis, one can still state that there has been a loss in abundances of 
macrobenthic species during the last decades in the investigation area and hypothesize that 
the number of species declined as well. This result meets the general trend described by Lotze 
et al. (2005). To investigate on the potential loss in species, it would be interesting to take ten 
samples with a 0.0108 m2 corer at the same positions (coordinates according to Josefson and 
Rytter) and compare the number of encountered species and abundances to the sampling 
period in 1989 - 1995. 

5.4.3 Share of taxa  
Even though invertebrates also show a decrease, opportunistic sediment-dwelling species 
such as polychaete worms were found to have gained in abundance (Lotze et al., 2005). The 
share that polychaetes contribute to the species composition increased, mainly because three 
species namely Heteromastus filiformis, Scoloplos armiger and Hediste diversicolor (studied 
as Nereis diversicolor) gained in abundance (Beukema, 1991). According to Kraan et al. 
(2011), this dominance in species composition is because molluscs and crustaceans decline 
in abundance and not due to an increase of polychaetes. In the present study, Hediste 
diversicolor showed an increase by 116 % compared to its average density in the investigation 
area between 1987 and 1995, while all other species except Bathyporeia sarsi declined. 
Organisms belonging to the class Polychaeta dominated the investigation area with 76 % and 
molluscs had a share of 14 % (Fig. 7). The mean composition between 1987 and 1995 was 
31 % Polychaeta, 46 % Mollusca and 3 % Crustacea; 12 % of the organisms were 
oligochaetes and 4 % belonged to other taxa (based on Josefson and Rytter, 2015). These 
figures show that the share that polychaetes contribute to the population has increased 
immensely since the former study while molluscs have declined. Already during the period of 
1987 - 1995, a decreasing trend of molluscs and an increasing trend of polychaetes could be 
observed, while the crustaceans contributed a rather constant share (Fig. 13). Not only the 
contributed percentages, but also the total abundances of the different taxa showed this trend 
(Fig. 14). A trendline revealed a positive slope for polychaetes and a highly negative slope for 
molluscs. Consequently, although it can be agreed with  Kraan et al. (2011) that molluscs are 
declining, this is not the only reason for the dominance of polychaetes as also the abundances 
of this taxa increased as suggested by Lotze et al. (2005).   
In the Dutch Wadden Sea, commercial harvesting of shellfish was seen as one reason for the 
decline of molluscs (Kraan et al., 2011). Furthermore, the change of species composition 
towards a dominance of small filter-feeding polychaetes was suggested to be correlated to the 
marine organic enrichment (Beukema, 1991; Kraan et al., 2011). The ongoing eutrophication 
is a well-known process that is caused by human activity such as discharge of nutrients 
throughout sewage disposal as from the wastewater treatment plant Renseanlæg Øst, 
pollution due to harbor activity and discharge of fertilizers by drainage channels from 
agricultural land. As nutrients accumulate over time, there could indeed be a correlation 
between eutrophication and the increasing share of polychaetes in this study. The investigation 
area, being close to an operating harbor, might have always been influenced more by 
eutrophication than other Wadden Sea sites. Moreover, polychaetes have been described to 
be rather tolerant to heavy metals (Bryan, 1984, quoted in Grant et al., 1989; Jackson, 2008; 
Tyler-Walters, 2008; Tillin, 2016a). Hence, this species class appears to be well adapted to 
live in this anthropogenically impacted environment which explains why it was found dominant 
in the investigation area. Nevertheless, in the former study polychaetes were found to account 
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for only one third of the total number of organisms. An explanation could be that Esbjerg Harbor 
has already been extended since the former study with the harbor area moving eastwards 
closer into the Wadden Sea in direction of the investigation area. Therefore, not only an 
increase in shipping activity, but also the harbor drift happening closer to the analyzed area 
might have led to increasing eutrophication and other human impacts that changed the species 
composition. If the further extension of 1 km2 will be realized, more impacts on species 
composition can be expected.  

 

Fig. 13: Share of the taxa Polychaeta, Mollusca and Crustacea between 1987 and 1995. 
Linear trendlines are added to show the development of the taxa throughout the years. The 
figure is based on data from Josefson and Rytter (2015) that was obtained in the investigation 
area. 

 

 

Fig. 14: Number of organisms belonging to the taxa Polychaeta, Mollusca and Crustacea 
between 1987 and 1995.  
Linear trendlines are added to show the development of the taxa throughout the years. The 
figure is based on data from Josefson and Rytter (2015) that was obtained in the investigation 
area. 
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5.5 Ecological evaluation of Esbjerg Harbor‘s extension plans   
5.5.1 Loss in area and its resulting loss in food  
On the one hand, the harbor moving further into the Wadden Sea area and closer to the 
UNESCO reserve means that contaminants that are now deposited close to the present harbor 
area might be deposited within the nature reserve area in the future. On the other hand, taking 
away 1 km2 away from the Wadden Sea and deepening it by several meters to become a 
harbor basin implies taking away the entire habitat of the macrozoobenthic fauna living there. 
It is possible that other organisms will settle in the deep water, but the food supply for 
harvesting migratory birds will be omitted. In the course of the extension, the Bay-area that 
was analyzed in this study will be taken away. Consequently, the observed stock of 
macrozoobenthos will be lost. Based on the detected biomass, one can approximately 
calculate the total loss of biomass. The samples of the Bay had an average fresh weight of 
4.56 g organisms, that is equal to 257.5 g m-2 and can be projected to 257.5 t km-2. Birds can 
eat 20 – 40 % of the present organisms in the Wadden Sea, as they can only reach the 
organisms close to the surface (Fiedler et al., 1990). Assuming that 40 % of the biomass can 
be harvested, the area provides 103 t of food. Captive oystercatchers eat 25 – 40 g organisms 
(dry weight) daily, free-living birds more (Zwarts et al., 1996). If one converts 40 g to the 
equivalent fresh weight according to Compton et al. (2013) and projects it to one year, one 
oystercatcher eats approximately 97.3 kg a-1. Consequently, 1058 oystercatchers could feed 
on the available biomass of 103 t for a whole year. Of course, this calculation can only be seen 
in purpose of a rough illustration. On the one hand, regarding the amount of food, the quantity 
of organisms supplied by the Wadden Sea has to be much bigger than what is actually eaten 
(Kabat et al., 2009). Depending on, among others, the size and the shell thickness, not all of 
the prey is eatable for the birds. The food eaten by different species depends on their bill 
(Zwarts et al., 1992). For instance, the red knot (Calidris canutus) can only harvest less than 
1 % of the available biomass of most of the potential prey species and 45 % of its main prey 
Macoma balthica. For this reason, one cannot assume that the whole present biomass is 
available for the oystercatcher in the illustrated equation. Each species has an individual prey 
spectrum, and even within the spectrum, only a small percentage is convenient food. In 
addition to that, the life-lengths of different species vary, many individuals get eaten every day 
and the harvesting rates differ during the year, as most birds feed in the Wadden Sea during 
the migratory seasons. On the other hand, the life-stock gets renewed throughout 
reproduction. Hence, over the year, far more birds can forage in the area as their prey 
reproduces continuously. Therefore, the calculation only serves as a visualization of the 
present live-stock in an area of 1 km2 at the Bay. 

5.5.2 Approach to solve the conflict between ecology and economy  
It is important to keep a balance between ecology and economy (O'Higgins and Al-Kalbani, 
2015). Hence, technical solutions have to be found and applied in order to reduce impacts of 
the industries and damages done to the ecosystem have to be compensated.   
With regard to eutrophication, wastewater treatment plants should meliorate the cleaning 
procedures in order to reduce the level of nutrients in the wastewater. In place of extending 
the harbor into the Wadden Sea, space-saving improvements inside the harbor area should 
be applied focusing on essential facilities (Ravn-Jonsen, 2019, pers. com.). Interview partners 
stated that within the harbor, the area is not efficiently used at the moment (Valbjørn, 2019, 
pers. com.; Vinding, 2019, pers. com.; Ravn-Jonsen, 2019, pers. com.). For instance, cars 
shipped in from Italy are placed in the harbor area until they are sold, instead of being stored 
somewhere else (Vinding, 2019, pers. com.). Also, there is a project to create apartments 
within the harbor area (Valbjørn, 2019, pers. com.) An idea could be to establish a dry harbor 
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on land where wind turbine components can be built and then be transported by train to the 
harbor (Vinding, 2019, pers. com.). This would allow to use the Wadden Sea related area only 
for inevitable activities like shipping.  

6. Reflection on the study design 
In this study, interpretation was based on a rather small database. Species and abundances 
varied within the four samples at each sampling location, so more samples per sampling 
location would have been recommendable. Furthermore, the splitting of W into W1 and W2 led 
to only two samples per sampling location, and in case of the sediment cores there were only 
one and two, which is not representative for the area and cannot be used for correct statistics. 
In addition to that, it would have been better to take all samples in one day, which was not 
possible because of the tide. More helpers would have been necessary to collect more 
samples at the same day. Initially, the purpose of the study was to evaluate the influence of 
the harbor on the macrozoobenthos, but it was not possible to find sampling locations in a 
better position close to the harbor. Regarding the sampling within the harbor area, permission 
could only be obtained for the sampling location H which was not optimal as it was located in 
a new part of the harbor that was not intensively used yet, and samples could not be taken in 
the harbor sediment in the basin. As this was clear in the beginning, the focus of the study was 
changed towards different anthropogenic influences in the investigation area.   

To point out the impacts on the macrozoobenthos, a comparison with an undisturbed reference 
area would have been advantageous. But as the whole Wadden Sea is more or less influenced 
by human impacts, a completely natural area cannot be found. A location in the middle of the 
nature reserve would certainly have been less impacted than the area in front of the former 
waste deposit. But as conditions of sediment (grain size, silt and clay content, sediment sorting 
and organic content) and water (salinity, coverage, exposure to waves and currents) vary 
spatially, locations further away from the main investigation area would not have been 
comparable, either. Conditions also varied among the chosen sampling locations, e.g. wave 
exposure was different and the samples could not be taken with the same distance from the 
low water line.   

In order to compare the obtained results to other studies, more samples per site and the same 
area of the corer sampler would have been necessary because identical study designs have 
to be applied for a valid comparison. In any case, it can only be recommended to take more 
samples in future studies in order to achieve a more secured data base with clearer trends. 
Moreover, many species found in this study feature large tolerance to environmental conditions 
and their presence could therefore not seen as evidence for certain impacts on the locations. 
Hence, it would be better to apply biological as well as physical and chemical investigation 
methods to determine the ecological quality and state of the sites. Investigating on correlations 
between parameters that were independently obtained throughout different methods would 
also lead to more secured results than analyzing correlations of indexes that are calculated 
based on the same data. In future studies, it would be interesting to determine the heavy metal 
and TBT content in the sediment at the sampling locations. In addition, it would be 
recommendable to analyze the organic content in water samples in order to describe the state 
of eutrophication due to the wastewater treatment plant and the habor drift. 
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7. Conclusions  
The analysis has shown that the investigation area was influenced by several types of human 
activities in the industrial area off the coast of Esbjerg. Also, natural disturbances like wave 
exposure and tidal streams were indicated. The encountered species suggested an influence 
of H2S generation due to anoxia, brackish water, eutrophication, heavy metals and TBT. 
Disturbance was determined to be highest at the Bay and lowest at the Dam according to 
AMBI-analysis. Research on the area revealed impacts of harbor drift from Esbjerg Harbor, 
wastewater discharge of wastewater treatment plant Renseanlæg Øst and a former waste 
deposit in the industrial area Måde. Still, the ecological quality was found “good” at all sampling 
locations by the program AMBI.  

In comparison to other studies, the number of species in the investigation area meets the 
average of the trilateral Wadden Sea and half of the encountered species were also commonly 
detected in other studies. However, lower densities of species and total individuals as well as 
lower biomass than in other Wadden Sea areas were found. Reasons could be on the one 
hand the rather coarse sediment with low organic content and on the other hand anthropogenic 
effects. In contrast to another Danish sampling area within the UNESCO World Heritage area, 
anthropogenic effects could be proven which add on to the natural disturbance in the Wadden 
Sea. Compared to an earlier study in the 1980’s and 1990’s, species densities appeared to 
have declined and there might be a loss in species as well in the investigation area. Moreover, 
the species community has shifted from a dominance of molluscs in the earlier sampling period 
towards a dominance of polychaetes. Eutrophication and an increased influence of Esbjerg 
Harbor since the extension towards the investigation area in 2017 can be suggested as 
possible explanations. 

Even though a particularly negative impact of the harbor was not reflected in the number of 
species and individuals compared to the other sampling locations in this study, the polychaete 
worms Capitella capitata and Heteromastus filiformis that can indicate heavy contamination 
were detected only at sampling location H. The results have to be looked at carefully as 
samples were taken in the recently built, outermost part of the harbor. For this reason, they 
cannot be regarded as representative for the whole harbor. In any case, the planned extension 
will take 1 km2 from the habitat, which means an omission of about 257.5 t biomass. As the 
Wadden Sea area is a highly important stop for migratory birds, the loss can be illustrated by 
the annually food of approximately 1058 oystercatchers.   

Preserving a single habitat and foraging area at small scale could have large impact on the 
dynamics of bird migration on larger scales. The Wadden Sea is a unique and highly important 
ecosystem and has to be protected from any negative impacts. For this reason, with this study 
I would like to advise caution towards the sensitivity of the Wadden Sea and state that 
alternative ways like dry harbors or space-saving improvements within the existing harbor area 
should be chosen instead of extending into the Wadden Sea area. This is recommendable not 
only because of our responsibility of protecting the environment, but also in our own interest 
as it preserves the human welfare in terms of culture as well as economically by maintaining 
sustainable nature tourism in the area.  
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10. Annexes  
Annex I 

Raw data 

Tab. 1: Raw data of organism parameters. 
Number of species, number and fresh weight [g] of organisms, AMBI (Disturbance Index) 
and M-AMBI (Ecological Quality Index) in the different samples for all sampling locations H, 
D, B and W with W1 and W2 together (W) as well as separately. Means for the sampling 
locations as well as for all samples in the investigation (mean all) are given. 

   H D B W W1 W2 mean 
all 

species        
1 7 4 6 4 4 6  
2 5 4 5 4 4 7  
3 4 3 6 6 - -  
4 6 4 6 7 - -  
mean 5.50 3.75 5.75 5.25 4.00 6.50 5.06 
organisms         
1 41 32 13 9 9 45  
2 20 46 8 9 9 15  
3 27 5 21 45 - -  
4 27 31 32 15 - -  
mean per 
sample 28.75 28.50 18.50 19.50 9.00 30.00 23.81 

mean per 
m2 1624 1610 1045 1102 508 1695 1345 

weight [g]        

1 3.868 0.480 1.125 0.267 0.267 1.615  
2 0.607 0.486 0.551 0.417 0.417 1.438  
3 0.646 0.655 4.803 1.615 - -  
4 1.720 0.246 11.749 1.438 - -  
mean per 
sample 1.710 0.467 4.557 0.934 0.342 1.527 1.917 

mean per 
m2 96.624 26.370 257.458 52.782 19.322 86.243 108.309 

AMBI         

1 3.293 3.000 3.577 3.667 3.667 3.133  
2 3.375 2.022 4.313 3.000 3.000 3.700  
3 3.167 2.400 3.786 3.133 - -  
4 3.333 3.000 4.125 3.700 - -  
mean 3.292 2.605 3.950 3.375   3.306 
M-AMBI         
1 0.568 0.407 0.561 0.450 0.450 0.518  
2 0.489 0.550 0.443 0.478 0.478 0.600  
3 0.408 0.485 0.487 0.518 - -  
4 0.506 0.378 0.457 0.600 - -  
stations 0.643 0.615 0.659 - 0.598 0.659 - 
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Tab. 2: Raw data of sediment parameters. 
Organic content (LOI) [%], water content [%], grain size [%], sorting and silt and clay 
content [%] at different depths for all sampling locations H, D, B and W with W1 and W2 
together (W) as well as separately. Means for the sampling locations as well as for all 
samples in the investigation (mean all) are given. 

 H D B W W1 W2 mean all 
organic 
content 
[%] 

       

depth 0-1 0.325 0.230 1.031 0.507 0.518 0.501 0.523 
depth 1-2 0.270 0.288 1.078 0.534 0.522 0.541 0.543 
depth 2-4 0.338 0.303 1.390 0.612 0.618 0.609 0.661 
depth 4-6 0.384 0.357 1.478 0.806 0.991 0.714 0.756 
depth 6-8 0.416 0.398 1.406 0.764 0.802 0.745 0.746 
mean 0.347 0.315 1.276 0.645 0.690 0.622 0.646 
water 
content 
[%] 

       

depth 0-1 19.549 20.029 27.187 22.770 21.456 23.427 22.384 
depth 1-2 17.408 19.052 23.772 20.150 18.943 20.753 20.096 
depth 2-4 16.581 17.738 24.367 19.668 19.989 19.508 19.589 
depth 4-6 17.068 17.872 24.511 19.965 20.228 19.833 19.854 
depth 6-8 17.110 18.463 23.698 19.599 20.290 19.254 19.717 
mean 17.543 18.631 24.707 20.431 20.181 20.555 20.328 
grain size 
[mm]        

depth 0-1 0.267 0.268 0.151 0.273 0.317 0.251 0.239 
depth 2-4 0.264 0.243 0.134 0.238 0.262 0.225 0.220 
depth 6-8 0.241 0.206 0.132 0.221 0.224 0.219 0.200 
mean 0.257 0.239 0.139 0.244 0.268 0.232 0.220 
average 
type mS mS fS mS mS mS mS 

sorting        
depth 0-1 0.091 0.071 0.047 0.085 0.103 0.076 0.074 
depth 2-4 0.087 0.072 0.078 0.078 0.088 0.072 0.079 
depth 6-8 0.078 0.070 0.046 0.075 0.072 0.077 0.067 
mean 0.085 0.071 0.057 0.079 0.088 0.075 0.073 
silt + clay 
content 
[%] 

       

depth 0-1 1.630 0.000 4.317 1.790 2.610 1.380 1.934 
depth 2-4 0.233 0.193 14.132 5.833 6.110 5.695 5.098 
depth 6-8 0.610 0.010 13.953 10.587 10.560 10.600 6.290 
mean 0.824 0.068 10.801 6.070 6.427 5.892 4.441 
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Annex II  
Photos of encountered organisms 

 

Fig. 1: Organisms of the class Polychaeta.  
A Scoloplos armiger, B Alitta virens, C Eteone longa, D Hediste diversicolor,  
E Chaetozone setosa, F Capitella capitata, G Pygospio elegans and H Heteromastus filiformis. 
Scalebar: 118 px = 1 cm.  
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Fig. 2: Organisms of the phyla Mollusca and Arthropoda.  
Gastropodes A Littorina littorea and B Peringia ulvae, bivalves C Kurtiella bidentata,  
D Cerastoderma glaucum and E Limecola balthica as well as the crustaceans  
F Bathyporeia sarsi, G Corophium volutator and H Lepidonotus squamatus.  
Scalebar: 118 px = 1 cm.  
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Annex III 
AMBI-analysis of comparative study 

 

Fig. 1: Distribution of species groups representing disturbance (AMBI-Index) in 
comparative study. 
The degree of disturbance is estimated by Azti’s AMBI classifying the species into five 
groups that indicate the degree of disturbance from low (I) to high (V). The composition of 
each sample is illustrated by stacked columns. The y1-axis shows the percentage of the 
disturbance groups that the colored parts of the columns account for. The y2-axis indicates 
the AMBI-value from 0 (best) to 7 (worst). The AMBI-values for each sample are presented 
as dots. The data was obtained in a sampling campaign in the Wadden Sea UNESCO World 
Heritage area close to Vester Vedsted in 2010 by a university course and is referred to as 
Kristensen et al., unpublished. 
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Annex IV 
Comparative species data 

Tab. 1: Comparison of the species densities with other studies.  
Densities [ind m-2] of species that were found in this study are shown together with densities 
(partly calculated from abundances) published in other studies. “+” means that the species was 
found, while “(+)” means that e.g. “Bathyporeia sp.” was found, so the presence of the same 
species is unclear. The densities are represented as means (single value) or with the minimum 
and maximum. Josefson and Rytter (2015) (J + R) present data from the investigation area 
collected in 1987 – 1995. Findings outside the location are marked as “south” or “north” of the 
area together with the last year they were proven. Jensen (1992) is cited with data from 
Skallingen collected in July 1982 and 1983. The studies from the Netherlands were conducted 
in Balgzand. Beukema (1976) (B1) sampled in 1970 - 1974, Beukema et al. (1999) (B2) 
sampled in 1983 - 1990, Beukema and Dekker (2011) (B + D) sampled in 1970 – 2009 and 
Compton et al. (2013) (C) sampled in 2008 – 2010. In Germany, Wohlenberg (1937) (W) 
sampled in Tonnenlegerbucht in 1932 and Grotjahn and Grotjahn (2006) present data from a 
polyhaline sand tidal flat (G1) and an euhaline mixed sand flat (G2) within coastal waters of 
the FGE Ems, Weser, Elbe sampled in 1971 - 2005. “Species in common” shows for every 
comparative study the total number of species that were the same as in this study.  
 

 Denmark     Netherlands      Germany 

species this 
study J+R Jensen B1 B2 B+D C W G1 G2 

Alitta virens 28 (+)    + +    

Arenicola 
marina  198 478 30 - 31 17 + + + 40 - 

46 60 65 

Bathyporeia 
sarsi  226 93  (+)  (+)   273 274 

Capitella 
capitata 71 south 

1991 
260 - 
9000 

   + 20 - 
320 150 193 

Cerastoderma 
glaucum  28 north 

1985 
        

Chaetozone 
setosa 247 north 

1987 
        

Corophium 
volutator  35 323 20 - 

440 (+) (+) (+)  260 - 
480 

  

Eteone longa 28 115 440 - 
520 2 + +  (20 - 

60) 160 120 

Hediste 
diversicolor  155 547 2000 - 

3800 36 + + + 80 - 
1020 358 414 

Heteromastus 
filiformis 127 109 620 - 

880 32 + +  20 - 
200 946 1390 

Kurtiella 
bidentata  35 south 

2004 
        

Lepidonotus 
squamatus  35 south 

1990 
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 Denmark    Netherlands      Germany 

species this 
study J+R Jensen B1 B2 B+D C W G1 G2 

Limecola 
balthica 80 330 1100 - 

1200 
11
3 + + + 20 - 

260 498 669 

Littorina 
littorea  14 94 10 - 16   +  20 - 

60   

Peringia ulvae  424 north, 
south 

5800 - 
31000 

86
6 + +   10596 16917 

Pygospio 
elegans  421 851 3400 - 

22000 
   + 20 - 

180 977 425 

Scoloplos 
armiger  243 667 1600 - 

15000 39 + + + 20 - 
60 241 403 

Spio 
gonicephala  14 north 

1987 
        

Tubificoides 
benedii  92 742 4000 - 

9000 
    + 1405 1740 

           
species in 
common 

 10 - 
13 12 7 7 - 

8 10 7 12 - 
13 11 11 
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