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Abstract

The determination of food web structures using Ecological Network Analysis (ENA) is a

helpful tool to get insight into complex ecosystem processes. The intertidal area of the Wad-

den Sea is structured into diverse habitat types which differ in their ecological functioning. In

the present study, six different intertidal habitats (i.e. cockle field, razor clam field, mud flat,

mussel bank, sand flat and seagrass meadow) were analyzed using ENA to determine simi-

larities and characteristic differences in the food web structure of the systems. All six sys-

tems were well balanced between their degree of organization and their robustness.

However, they differed in their detailed features. The cockle field and the mussel bank exhib-

ited a strong dependency on external imports. The razor clam field appeared to be a rather

small system with low energy transfer. In the mud flat microphytobenthos was used as a

main food source and the system appeared to be sensitive to perturbations. Bird predation

was the most pronounced in the sand flat and the seagrass meadow and led to an increase

in energy transfer and parallel trophic cycles in these habitats. Habitat diversity appears to

be an important trait for the Wadden Sea as each subsystem seems to have a specific role

in the overall functioning of the entire ecosystem.

Introduction

The World Heritage Site of the Wadden Sea is one of the world’s most valuable stretches of

coastline [1]. It consists of vast bare sand and mud flats that emerge twice per day during low

tide forming a unique ecosystem [1, 2]. The highly productive intertidal areas are characterized

by a rich benthic fauna supporting millions of coastal birds that visit the Wadden Sea for forag-

ing, resting or breeding on the East Atlantic Flyway [1–4].

The interaction of physical forces and biological activities turn the extensive intertidal flats

into heterogeneous habitats either represented by differences in their sediment characteristics

or in their dominant species aggregation [2]. This heterogeneity is an important requirement
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for different macrobenthic species to find a settling ground as well as for higher predators such

as birds or fish that might be specialized to forage in a certain environment.

However, little is known about the ecological functioning of the different habitat types and

their role in the ecosystem of the Wadden Sea. Food web modeling and especially Ecological

Network Analysis (ENA) are appropriate tools to gain insight into the complexity of system

structures. Indeed, ENA accounts for the totality of the interactions between the various com-

ponents of the system [5]. It allows a simplified representation of the natural system based on

flows of energy between different feeding levels [6]. The methodology was developed to assess

the complex interactions within an ecosystem using a set of algorithms from which several sys-

tem properties can be derived [7, 8]. Results from ENA provide information that can be used

to assess environmental issues but also to describe the system’s status in terms of maturity,

health, stability and stress [7, 8].

There were already several approaches to describe intertidal areas using ENA. The food

web of the Sylt-Rømø Bight in the northern Wadden Sea was already intensively studied in dif-

ferent energy units and differences in the recycling of carbon, nitrogen and phosphorus have

been found in this tidal basin [9–12]. Furthermore, invasive species are known to have settled

in the Wadden Sea (e.g. Sylt-Rømø Bight) which couldhave changed the trophic functioning

of the system [13]. Schückel, Kröncke [8] described the benthic food web of the Jade-Bay

(south-eastern Wadden Sea) from the 1930s to the present status and found differences in the

functioning of the bay probably caused by climatic changes and anthropogenic impacts such

as eutrophication. However, food web studies focusing on birds are very rare as birds are diffi-

cult to include in quantitative models due to their mobility. In the French Marénnes-Oléron

Bay the influence of migratory shorebirds on the food web structure of mud flats was shown

by Saint-Béat, Dupuy [14] by regularly counting the birds feeding in the bay. But in the major-

ity of cases, roosting bird data from the coastline is used for modeling [10, 11] that is then

interpolated to the intertidal areas. The bird numbers therefore often underly large approxima-

tions as it is not known in which habitats the birds prefer to feed.

In the present study, the structure and functioning of different intertidal habitats was stud-

ied in a modeling approach including foraging birds as top predators. The study site is situated

between several islands that are known to be important breeding and resting places for various

bird species which take up food on the intertidal flats [2]. Despite its importance for birds, the

area is only rarely studied and differs from already investigated intertidal areas in terms of its

connection to the open North Sea and its habitat heterogeneity. The main goals of this study

were 1) to create food web models of six different habitats in the Wadden Sea that are known

to be strongly used by foraging birds and 2) to determine the similarities and differences in the

functioning of the distinct systems to find characteristic features for the habitat types.

Materials and methods

Ethical statement

Sampling in the study site was approved by the National Park Authority, Tönning within the

framework of the project “STopP—From sediment to top predator” (project number BMBF,

FKZ, 03F672B).

In the Wadden Sea, coastal birds are highly protected under comprehensive regulations

and conventions such as the EU Birds Directive (1979), the Species of European Conservation

Concern (2004), the Bonn Convention on the Conservation of Migratory Species of Wild Ani-

mals (1979), the Bern Convention (Convention on the Conservation of European Wildlife and

Natural Habitats, 1979) and the Agreement on the Conservation of African-Eurasian
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Migratory Waterbirds (1995)[15]. Therefore, all data concerning birds were referred to obser-

vations and the birds were not disturbed in their natural behavior.

Study site

Samples for network construction were collected from summer 2013 to summer 2015 in the

German part of the Wadden Sea between the islands Amrum, Föhr, Langeness and the western

coast of the federal state of Schleswig-Holstein (Fig 1). The study site had a total size of 655.4

km2 with an intertidal area of 286.3 km2. Six different habitats of the intertidal area (i.e. cockle

field, razor clam field, mud flat, mussel bank, sand flat and seagrass meadow) were either

defined by their sediment type (i.e. mud flat and sand flat) or by their dominating species (i.e.

cockle field, razor clam field, mussel bank and seagrass meadow).

Cockle fields cover about 6.3 km2 of the area and are characterized by a very high abun-

dance of the common cockle Cerastodermaedule which can reach densities up to thousand

individuals per m2 [16]. A rather new habitat are the razor clam fields that are formed by

aggregations of the immigrant American razor clam Ensisleei and are located in wide parts of

the lower intertidal (31.5 km2) and subtidal areas of the study site. Mud flats are soft bottom

habitats and occur in sheltered areas with low current velocities close to the shore. About 23.1

km2 of the area are mud flats (Brockmann Consult GmbH 2014, unpublished data). Mussel

banks are small-scaled epibenthic structures dominated by the blue mussel Mytilus edulis
mixed with the invasive Pacific oyster Magallanagigas since the late 1980s. Only 0.6 km2 of the

study site represent mussel banks (Brockmann Consult GmbH 2014, unpublished data). Sand

flats are the most extended habitat type in the study area with 160.3 km2 (Brockmann Consult

Fig 1. Location of the study site in the north-eastern Wadden Sea. The black frame delimits the study site.

Sampling locations in the different habitat types are represented by black flags, map source: Topographic GIS

map 2003, issued by National Park Authority, Tönning.

https://doi.org/10.1371/journal.pone.0176381.g001
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GmbH 2014, unpublished data). They are often dominated by dense populations of the lug-

worm Arenicola marina. 33.3 km2 of the area are overgrown by seagrass meadows (Brockmann

Consult GmbH 2014, unpublished data) dominated by the dwarf eelgrass Zosteranoltei with

sparse occurrences of the common eelgrass Zostera marina.

A transect of 200 to 250 m length that included five to six sampling stations located in a dis-

tance of 50 m away from each other was placed in each habitat. Each station was covered by a

25x25 cm frame to define the area for quantitative sampling. The samples were taken season-

ally to receive the required data for network construction.

Sampling

In this study, only benthic components, phytoplankton and birds were sampled and included

in analyses as the main focus of this study was the interaction between intertidal areas and for-

aging birds. Each species or group of species was represented by a compartment within the

model (Table 1). Birds were the only modules of higher trophic levels in the analyzed models.

Production used by other predators (i.e. fish, seals) is therefore included in the export of

unused production from prey compartments.

Macrobenthos. Epifauna and macrophytes within each of the 25x25 cm frames were

removed from the surface by hand. Infauna was sampled with a 10x10 cm corer 15 cm deep

and afterwards sieved through a 0.5 and 1 mm mesh-cascade. Samples were sorted and organ-

isms were identified to the most precise taxonomic level and counted.

For biomass determination, each species of macrofauna and the macrophytes were dried in

an oven at 50˚C until constant dry weight. They were then burned at 500˚C in a furnace for 5

h. Ash free dry weight (AFDW) was estimated by subtracting the ash weight from the dry

weight and further transformed to mg Carbon (C) using the conversion factor 0.58 for inverte-

brates [17].

Microphytobenthos. Samples for microphytobenthos (MPB) were taken by outpacing the

first cm of the sediment surface with a corer (ø 1 cm). The sediment was freeze-dried and

Chlorophyll a content was measured following the protocol of Edler [18] and calculated

according toJeffrey and Humphrey [19]. The Chlorophyll a content was multiplied by 50, to

convert it to mg C [20].

Phytoplankton. Chlorophyll a data for phytoplankton was taken from a long-term moni-

toring program conducted monthly in the project area by the State Agency for Agriculture,

Environment and Rural Areas of Schleswig-Holstein (LLUR). The data were converted to mg

C by multiplying Chlorophyll a values by 50 [20].

Birds. Birds, except for eider ducks (Somateriamollissima), were counted depending on

weather conditions one to three times per season in each habitat in a predefined area of 0.01

km2 (cockle field) to 0.16 km (mussel bank) and identified to species level. Counts occurred in

10 min intervals for 2 h. Only the abundance of foraging birds was included in the analyses.

Eider duck data were taken from regular aerial counts. The abundance of eider ducks was

interpolated to the habitat types they feed on (i.e. mussel bank, cockle field, razor clam field)

using the total size of the habitats in the study site and the time the eider ducks spend feeding

on the habitat type according to their diet composition.

It was assumed that birds of different size classes were distributed equally in the habitat

types. Abundance of the bird data was therefore transformed to biomass using average body

fresh weight values for each species (FTZ, unpublished data,[21]) and then converted into car-

bon units [22].

Additional data. In the study site no data were available for particulate organic carbon in

the sediment (sediment POC), suspended particulate organic carbon in the water column
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(suspended POC), meiofauna (MEI) and bacteria (BAC). To create more realistic food web

models these compartments were included in the network using data from similar habitats of

the Sylt-Rømø Bight [10].

Network construction

The construction of an ecological network requires information about the standing stock and

energy budget of each compartment and about flows between compartments (i.e. who eats

whom at what rate?[23]).

The determination of standing stock data is described above. Averaged values have been

used for network construction (Table 1). Energy budgets were taken from recent published

and unpublished literature and are summarized with references in Table 1. Diet information

for benthic compartments were taken from Baird, Asmus [11]. Each compartment was bal-

anced in terms of its energy budget following the equations of Parsons, Takahashi [24]

Gross primary production ¼ Net primary productionþ Respiration

Consumption ¼ Productionþ Respirationþ Egestion

Several bird species feed on both intertidal areas and terrestrial environments but also on

prey items that were not included in the present study such as fish. For those species (i.e. Ana-
sacuta, Anaspenelope, Anasplathyrhynchos, Arenariainterpres, Brantabernicla, Charadriushiati-
cula, Chroicocephalusridibundus, Haematopusostralegus, Larusargentatus, Laruscanus,
Larusfuscus, Larusmarinus, Numeniusarquata, Numeniusphaeopus, Tadornatadorna), the

energy budget was adapted and the consumption value was decreased from 100% to the esti-

mated percentage of time the birds spend feeding on intertidal flats. The diet matrix of the

birds is given in Table 2. If a prey item of the diet spectrum of a particular bird species was not

available in one of the habitats, the missing consumption flux was equally distributed to the

available prey items.

For each of the six habitats a carbon flow model was constructed. Biomass data was

expressed in mgCm-2 and respiration, egestion and flows between compartments (i.e. produc-

tion and consumption rates) as well as imports and exports to and from compartments were

given in mgCm-2 d-1.

Number of compartments ranged from 29 in the razor clam field to 48 in the mussel bank.

The difference in the number of compartments was due to the restriction of some species to

single habitats and not due to a different degree of aggregation between the systems that might

have biased comparisons of the ENA indices [25–29]. It was shown that an artificial homoge-

nizing of system structure with zero-valued compartments might influence the results as well

[30]. Therefore, we decided to represent the six habitats as they occurred in nature and toler-

ated the discrepancy in the number of compartments.

The total input of each compartment was balanced by the total output. If consumption of a

compartment exceeded the production of a compartment of the preceding trophic level, an

input was added to this compartment to fulfill the predator’s needs. Since this happened

mostly due to bird predation it was assumed that the imported prey was consumed outside of

the defined habitat, a plausible modus for mobile predators such as birds. Unused production

was considered to be exported to one half as prey for compartments not included in this study

such as fish or via resuspension during next high tide in terms of MPB. The other half was

assumed to become sediment POC and flew back to the system. For phytoplankton, suspended

POC and birds, the unused production was completely exported. Excess sediment POC was
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assumed to be exported from the system due to tidal flushing during storm events in the course

of the year [10].

All six models therefore represented systems in steady-state. SCOR-files of all six network

models are available as supporting information (S1–S6 Files).

Network analysis

The methodology of Ecological Network Analysis is based on an input-output-analysis and is

detailed in Kay, Graham [52] and reviewed by Ulanowicz [53]. In this study the software pack-

age enaR for R statistics was used to conduct all the analyses [54, 55]. ENA provides several

helpful tools to describe the functioning and organization of an ecosystem. One of these tools

is the system attributes. A collection of various global system indices describes the develop-

mental and organizational state [8] but also the cycling and resilience of a system. The follow-

ing indices were analyzed and described in the present study:

1. Total System Throughput (TST): The TST is the sum of all flows in the system and repre-

sents the system’s size and activity [56]. The higher the value the bigger and more active is

the system.

2. Ascendency (A): It is a measurement for the system’s size and the flow organization and a

natural descriptor of the combined processes of growth and development [56, 57]. High val-

ues are furthermore an indication for a high degree of specialization in the system.

The Relative Ascendency (A/DC) is the ratio between A and DC and represents the sys-

tem’s degree of organization and the efficiency of energy flows. A high A/DC shows a well-

organized and developed system [56, 58].

3. Overheads (OH): The overheads characterize the free energy in a system. One part of the

overhead is generated by three separate components of exogenous transfer; the inputs, the

exports and the dissipation [56]. But also parallel flows in the internal exchanges, the redun-

dancy, contribute to the overhead [11, 57]. With a high overhead the system has more

capacities to react to perturbations and a larger potential of resilience. The ratio between

OH and DC is described as the Relative Overheads (OH/DC) which is thenatural counter-

part of A/DC.

4. Development Capacity (DC): This value describes the system’s potential to develop. It cal-

culates a particular set of connections by multiplying the Total System Throughput with the

diversity of individual flows [7]. Furthermore, it represents the sum of the system’s Ascen-

dency and the system’s Overhead and is therefore the upper limit of the system’s Ascen-

dency [56, 57].

5. Robustness: It is a measurement for the system’s sustainability. A high value shows more

stable energy flows that are less sensitive to external disturbances [59, 60].

6. Gross primary production versus biomass (PGPP/B): This ratio is a function of the sys-

tem’s maturity. It is expected that biomass is accumulated when the system matures. There-

fore, the value decreases with system’s maturity [61, 62].

7. Flow Diversity (FD): It is a measurement for the number of interactions and the evenness

of energy flows [56] and is defined as DC/TST [57]. Comparable to the biodiversity index, a

high value shows a highly diverse and well-developed system [56, 58].

8. Effective Link-Density (ELD): It is the effective number of parallel pathways in the struc-

ture and is based on the mean number of flows per node [63].
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9. Average Path Length (APL): It measures the mean number of compartments a unit of car-

bon passes from when it enters to the moment it leaves the system [9, 56, 64, 65]. The APL

is supposed to rise under normal succession [8] and can therefore also be an indication for

increased system’s maturity [58, 61].

10. Finn Cycling Index (FCI): This index shows the proportion of flows in a system that are

recycled [56, 65]. High values indicate that the system is more independent from imports.

11. Trophic Efficiency (TE): The TE represents the efficiency of energy transfer from one tro-

phic level to the next [11]. For the entire system the TE is calculated as the logarithmic

mean of the integer trophic levels [7, 10, 11, 14].

12. Trophic Depth (TD): It is the effective number of trophic levels in the system and repre-

sents the number of functional roles in the food web [63].

The Lindeman Trophic Aggregation Analysis is another helpful implementation that trans-

forms the complex food web network into a linear food chain (i.e. the Lindeman spine) with

integer trophic levels [56]. In this representation all primary producers and the detritus pool

form the first trophic level and consumers are distributed in the following trophic levels

according to their feeding behavior. The Lindeman spine shows the amount of carbon each

trophic level receives from the previous one as well as energy losses due to respiration and

exports. It provides a quantitative estimation of the efficiency of the energy transfer within the

system. The analysis also allows a comparison of the relation between detritivory and herbiv-

ory in a system which can be expressed as the ratio Detritivory: Herbivory.

Uncertainty analysis

The models are based on empirical data, which can show natural variations in space (e.g. bio-

mass variation of some species in patchy areas) or in time (e.g. seasonal variation of some spe-

cies’ diets or seasonal and diurnal abundance of mobile predators such as birds). Therefore, a

percentage of variation can be defined for each of the flows in the network. In this study, we

conducted an uncertainty analysis for all six habitats in order to test the sensibility of the ENA

indices to changes in the network parameters. The analysis was based on changes in the mag-

nitude of flows in the network systems by 50%. We applied a modified version of the enaUn-

certainty approach within enaR which was initiated by Hines, Lisa [66], Hines, Singh [67]. The

approach is based on linear inverse modeling and a Monte Carlo approach to generate addi-

tional plausible models [66–68] using the limSolve package in R [69–71]. For each system,

1,000 plausible, balanced network models were generated which differed randomly in their

flow structure up to ± 50% from the initial model. System indices were calculated for all gener-

ated network models. Flow shifts of 50% represent severe changes in an ecosystem and thus

could give an appropriate overview of the respective index’s variation. A difference between

the indices was considered to be significant if the 95% confidence intervals did not overlap.

Results

Model evaluation

The quality evaluation of the assessed models is based on the data score ranking of Costanza,

Funtowicz [72]. Field data and direct measurements are of high quality while data which is

based on calculations is of medium quality. Estimations represent low quality data [73, 74].

Most of the data used in the present study is therefore of high or medium quality as they are

received from field data (e.g. standing stock data), publications which are based in measure-

ments (e.g. energy ratios) or calculations. Some data sources are of low quality such as the
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flows which are based on rough assumptions (e.g. exports and flows to detritus of unused pro-

duction) or the flows estimated by mass-balancing (e.g. additional imports). These low quality

flows might be over- or underestimated, that might influence the results related to cycling and

recycling indices. Additional data are strongly needed to evaluate more precisely these fluxes.

System functioning

Cockle field. The cockle field stores and provides a high amount of energy with a total

biomass of 178,227.1 mgC m-2 and total production of 1,019.6mgC m-2 d-1 (Table 3). The habi-

tat is a big and productive system with a high potential to further development indicated by a

high TST of 27,228.2 mgC m-2 d-1 and a high DC of 111,005.2 mgC m-2 d-1. In accordance

with the low recycling (FCI = 2.0%) the system is highly dependent on external imports result-

ing in an increased sensitivity to external perturbations. This sensitivity could also be sup-

ported by the high degree of organization with an A/DC of 43.2% which indicates a high

amount of specialized flows. However, energy is transferred efficiently from the basis of the

food web to higher trophic levels (Fig 2). In comparison to the other systems, the cockle field

reveals a high APL of 2.2 implying that the energy is used in several compartments by different

functional groups (TD = 3.4). The low PGPP/B value indicates a high system’s maturity [61]

showing that the system is in a well-developed status.

Razor clam field. The razor clam field is a small system with a low amount of available

energy shown by the low TST of 10,575.3 mgC m-2 d-1 (Table 3). The low values for ELD (2.2)

and APL (1.7) indicate a simple organization with only few parallel and short pathways. How-

ever, the high TE (10.3%) implies that the energy is transferred very efficiently but is only used

within few compartments (low APL) which is in accordance with the few functional roles

Table 3. System attributes of the six intertidal systems.

System Attributes Cocklefield Razorclamfield Mud flat Musselbank Sand flat Seagrassmeadow

Numberofcompartments 38 29 38 48 43 45

Numberoflivingcompartments 36 27 36 46 41 43

total Biomass [mg C m-] 193,205.8 48,434.7 102,881.0 577,904.6 76,775.5 62,700.9

total Production [mg C m- d-1] 4,518.3 2,698.9 7,098.8 5,371.6 2,636.3 2,151.0

secondary Production [mg C m- d-1] 1,019.6 186.0 539.4 767.2 426.1 349.2

total Exports [mg C m- d-1] 6,397.5 2,458.1 6,690.9 5,419.1 2,225.1 1,876.6

total Imports [mg C m- d-1] 8,471.0 3,993.1 9,767.4 11,557.7 3,875.7 3,506.7

PGPP/B 0.03 0.07 0.09 0.01 0.04 0.04

Total System Throughput [mg C m- d-1] 27,228.2 10,576.6 26,205.6 32,139.4 12,303.1 10,722.4

Development Capacity [mg C m- d-1 bits] 111,005.2 39,042.7 92,193.7 151,429.6 60,633.2 55,697.3

Ascendency [mg C m- d-1 bits] 47,970.3 15,163.1 36,027.3 55,579.7 19,548.0 17,809.1

Overheads [mg C m- d-1 bits] 63,034.9 23,879.5 56,166.4 95,850.0 41,085.2 37,888.2

Relative Ascendency [%] 43.2 39.9 39.1 36.7 32.2 32.0

Relative Overheads [%] 56.8 61.1 60.9 63.3 67.8 68.0

Robustness [%] 36.3 36.7 36.7 36.8 36.5 36.5

Flow Diversity [%] 4.1 3.7 3.5 4.7 4.9 5.2

Effective Link-Density 2.2 2.2 2.1 2.8 3.2 3.4

Average Path Length 2.2 1.6 1.7 1.8 2.2 2.1

Finn Cycling Index [%] 2.0 4.0 1.9 1.1 6.4 5.3

Logarithmic Trophic Efficiency [%] 5.7 10.3 5.1 3.8 10.7 6.1

TrophicDepth 3.4 2.7 2.6 3.3 3.0 3.2

Detritivory:Herbivory ratio [D:H] 1: 3.7 1: 1.1 1: 3.2 1: 4.4 1: 1.8 1: 1.9

https://doi.org/10.1371/journal.pone.0176381.t003
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(TD = 2.7). The razor clam field has a high PGPP/B value of 0.07 implying an immature state of

the system which could be supported by the low values of FD (3.7) and ALP as both values are

supposed to increase when the system matures [61].

Mud flat. The mud flat is a big and active system with a TST of 26,205.6 mgC m-2 d-1

(Table 3). It shows a high degree of organization with 39.1%. But, the high PGPP/B value indi-

cates an immature state and low levels of TE (5.1%) and ELD (2.1) show that the system is nei-

ther efficient nor very robust due to a lack of parallel pathways. Furthermore, the low recycling

of 1.9% tends to result in a strong system’s dependency on external imports and the low APL

of 1.7 shows that the energy is only used over short pathways. The mud flat therefore appears

to be in a stressed and unstable condition [58, 75, 76]. The Lindeman spine shows that only

17.7% of the energy of trophic level I is transported to higher trophic levels (Fig 2). A high

amount of energy is therefore stucked at the basis of the food web.

Mussel bank. Among the six analyzed habitats the mussel bank provides the highest

amount of energy with a total production of 5,371.6mgC m-2 d-1 (Table 3). It is furthermore

the most active system with the highest potential to develop (TST = 32,139.4 mgC m-2 d-1 and

DC = 151,429.6 mgC m-2 d-1). Furthermore, with a high value of 63.3% OH/DC the system

reveals capacities of free energy to cope with perturbations. The mussel bank has the lowest

recycling of all six systems with 1.1% resulting in an increased dependency on external

imports. The flow structure of the mussel bank is very complex with a high diversity of even

flows (FD = 4.7) and several parallel pathways (ELD = 2.8) indicating that the system is resis-

tant in front of perturbations. The mussel bank also has the lowest value for PGPP/B with 0.01

indicating a high degree of maturity which could be explained by the stable structure and the

long live span mussel banks can reach in the intertidal area [77].

Sand flat. The sand flat is a comparatively small system with a TST of 12,302mgC m-2 d-1

and has a high amount of free energy (OH/DC = 67.8%, Table 3) indicating a high resistance

in front of perturbations. This resistance is supported by a complex and diverse flow structure

(FD = 4.9) including a lot of parallel pathways with an ELD of 3.2. The system recycles a com-

parable high amount of energy with an FCI of 6.4% and is therefore largely independent from

external energy sources. In accordance with the low PGPP/B of 0.04, high values for FD, ELD

and FCI could also be an indication for increased system’s maturity [61, 76, 78].

Seagrass meadow. Similar to the sand flat, the seagrass meadow has a low TST (10,722.4

mgC m-2 d-1) with a higher degree of OH/DC than A/DC showing a small system with high

capacities of free energy (Table 3). The system reveals the highest FD with 5.2 showing a very

complex flow structure with diverse and even flows and a high number of parallel pathways

with an ELD of 3.4 indicating an increased resistance in front of perturbations [79]. The high

value for FCI (5.3%) shows that the energy is recycled to a large extent implying that the system

is independent from external imports. The low PGPP/B of 0.04 suggests that the system is in a

mature status [61]which is in accordance with its high values for FD, ELD and FCI.

Comparison between the systems

Comparison of the indices. Although the number of compartments differs between the

six systems we could not find a linear relationship between the number of compartments and

the analyzed system attributes. It is therefore assumed that the systems of this study can be

compared with each other as they have the same degree of aggregation. However, the indices

DC, A and OH are known to be sensitive to the structure of the model network and therefore

not useful on their own for ecological applications [25, 56, 80]. The ratios A/DC and OH/DC

are more useful and robust to network construction [7, 29, 56, 80, 81] and therefore more

appropriate for comparing the condition and development status of the different systems.
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The uncertainty analysis reveals a wide range of possible solutions for most of the indices in

the different habitats (Fig 3). However, there are still sets of indices which differ significantly

between some habitats supporting the analyzed results of the initial models. The cockle field,

the mud flat and the mussel bank appear to be bigger and more active than the razor clam

Fig 2. Lindeman spines of the six intertidal systems. Boxes represent the distinct trophic levels,

percentage values refer to trophic efficiency between the levels. Arrows indicate energy flows between trophic

levels as well asimports, exports and flows to detritus. Ground symbols show energy losses due to respiration.

Values are given in mgC m-2 d-1.

https://doi.org/10.1371/journal.pone.0176381.g002
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field, the sand flat and the seagrass meadow indicted by a higher TST. The Ascendency follows

the same trend. The cockle field and the mussel bank show furthermore higher values for OH

and DC than the razor clam field, the sand flat and the seagrass meadow. The degree of organi-

zation A/DC is significantly higher in the cockle field, the razor clam field and the mud flat in

comparison to the sand flat and the seagrass meadow which reveal higher values for OH/DC.

There are no significant differences in the system attribute robustness. Considering the flow

structure, FD and ELD are significantly higher in the mussel bank, the sand flat and the sea-

grass meadow than in the cockle field, the razor clam field and the mud flat. The APL is higher

in the cockle field than in the razor clam field, the mud flat and the mussel bank. The recycling

(FCI) is higher in the sand flat and the seagrass meadow than in the cockle field, the mud flat

and the mussel bank. The cockle field, the mussel bank and the seagrass meadow also show

higher values for TD than the razor clam field and the mud flat.

Comparison of system functioning. There are similarities as well as differences between

the systems. All six systems reveal a similar value of the robustness index indicating that all six

systems are in a good balance between their degree of organization and their amount of free

energy. Furthermore, herbivory surpasses detritivory in all six systems. The difference between

herbivory and detritivory was the highest in the cockle field and the mussel bank (1: 3.7 and 1:

4.4, respectively) and the lowest in the razor clam field (1: 1.1, Table 3).

Comparing the habitats among each other, there are several similarities between the indices

of the cockle field and the mussel bank. Both systems appear to be big and active with a high

TST but simultaneously dependent on external imports implied by the low FCI. Also the

Fig 3. Variation of the indices considered with the uncertainty analysis using 1,000 iterations for each habitat, the initial

model is displayed as a red dot.

https://doi.org/10.1371/journal.pone.0176381.g003
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Lindeman spines of the cockle field and the mussel bank are relatively similar: high external

imports support both systems (Fig 2). Trophic efficiencies are comparable in the first four tro-

phic levels but the mussel bank exceeds the trophic efficiency of the cockle field in the upper

trophic levels. Additionally, the mussel bank reveals higher values for FD and ELD than the

cockle field implying a more complex and redundant flow structure which results in a higher

resistance towards disturbances.

The razor clam field is also characterized by a bivalve species but differs in its system struc-

ture from the cockle field and the mussel bank. The razor clam field is a small system with a

more simple flow structure than the mussel bank (FD and ELD) and less functional roles than

the cockle field (TD).

The mud flat is a comparable big system with its high TST but due its simple flow structure

with only few parallel pathways and the low recycling the system is probably more sensitive to

perturbations than the other intertidal habitats.

The sand flat and the seagrass meadow show similarities as well. Both systems are rather

small with a high amount of free energy to cope with perturbations. Furthermore, both systems

reveal a high FD implying a complex and even flow structure with several parallel pathways

(high ELD) indicating and increased resistance in front of disturbances. Both systems are

rather independent from external energy sources due to their high recycling. In terms of the

Lindeman spine, exceptional high values are shown in both systems for trophic efficiency on

trophic level II with more than 40% (Fig 2).

Discussion

Structure and functioning of the systems

Similarities between the systems. The six intertidal habitats reveal similarities as well as

differences in their food web structure and functioning. Despite the differences in A/DC, the

robustness index values of all six systems are very similar indicating that they have a sufficient

amount of both, organization and reserves of free energy. Fath [59] hypothesized that an eco-

logical system needs to attain a balance between organization and redundancy to be sustain-

able. Without this balance a system is predestined to perish [59, 82]. The analyzed six systems

appear to be in a good trade-off between their organization and their redundancy implying

that they are able to sustain their functions over time [59]. Another similarity between the sys-

tems is the high degree of herbivory. Intertidal areas are often characterized by a major role of

detritivores in the energy transfer [7, 8, 10] in opposition to herbivory. However, in our six sys-

tems, herbivory always exceeds detritivory. The dominance in abundance and biomass of sus-

pension feeders and grazers in the habitats relying on phytoplankton and MPB increase the

herbivory strongly resulting in a less important influence of detritivores in all six systems. Fur-

thermore, the high abundance of herbivorous birds feeding on macroalgae and seagrass

amplify the difference even more.

Cockle field and mussel bank. The cockle field and the mussel bank are both character-

ized by accumulations of bivalve species which are colonized by various macrobenthic inverte-

brates and both provide a rich food source for foraging birds. The results of this study show

that mussel banks and habitats with similar functioning such as cockle fields are very diverse

systems with a high degree in activity and organization but low cycling values and therefore a

strong dependency on external imports. This is consistent with the study of Baird, Asmus [10]

on mussel banks in the Sylt-Rømø Bight. However, the mussel bank appears to be more resis-

tant than the cockle field. Low values of FD and ELD in the cockle field indicate a low diversity

of flows and only few parallel pathways probably caused by a strong reliance of the system on

the cockle compartment as a food source for predators. This dependency on a single
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compartment induces an increased vulnerability to perturbations whereas the higher biodiver-

sity of the mussel bank increased also the system’s resistance. Furthermore, the mussel bank

exceeds the efficiency of the cockle field at the higher trophic levels presumably due to the

higher abundance of benthic predators such as shore crabs or carnivorous polychaetes which

use the lower trophic levels as food sources and being themselves eaten by top predators such

as birds. The energy transfer is therefore increased in the food chain.

Although mussel banks as well as cockle fields are rather small-scaled habitats, they both

appear to be very important foraging areas for birds. Their high productivity and the rich ben-

thic fauna attract a large variety of bird species. Especially the eider duck (Somateriamollis-
sima) is dependent on these habitats as most of its prey consists of mussels and cockles [83].

But also resident bird species (i.e. Haematopusostralegus) and migrating waders (i.e. Limosa-
lapponica) use these habitats for foraging.

Razor clam field. The American razor clam (Ensisleei) was introduced to the North Sea in

the late 1970s [84, 85] and was discovered as a suitable prey organism by several bird species in

recent years [86]. In this study the razor clam field appears to be a small system with indica-

tions of perturbation such as the low APL. This is accordance with the location of this habitat

in the lower intertidal area which is characterized by harsh abiotic conditions such as intensive

current velocities and high sediment mobility. Most of the energy in this habitat is transferred

from phytoplankton to razor clams and then in the upper trophic levels to gulls. Perturbations

that would affect phytoplankton as the main food source or the razor clam as the dominating

organisms could lead to a complete collapse of this system. The latter was already often

observed during cold winters or washouts which induced a mass mortality of the razor clam

[87]. Natural influences like this make the razor clam system short-lived and could also explain

the indications for immaturity.

Mud flat. Diverse studies about food web systems of mud flats exist and reveal differences

in the functioning of mud flats in combination to their location and environmental circum-

stances such as fresh water inflow or eutrophication [75]. In the present study, the mud flat

was described as a big and active system which might be sensitive to perturbations due to a

lack of a complex and redundant flow structure. MPB was one of the major food sources in the

mud flat but there was still a high amount of unused MPB production resulting in a decreased

trophic efficiency from the first trophic level onwards to the higher trophic levels. Comparable

results were observed in the French Brouage mud flat [5]. The system was characterized by a

dominant influence of MPB and low values of carbon recycling. High amounts of primary pro-

duction provide a rich food source for herbivores at lower trophic levels but it was noted that

there was the risk of food depletion at higher predator levels. On the contrary, Baird, Asmus

[10] described the mud flat of the Sylt-Rømø Bight to be a system characterized by high recy-

cling and great energy reserves to cope with perturbations.

Mud flats are known to be very productive intertidal systems which are of high importance

for foraging birds [14]. Waders such as the bar-tailed godwit (Limosalapponica) and the Eur-

asian oystercatcher (Heamatopusostralegus) but also the common shellduck (Tadornatadorna)

and gulls (e.g. Chroicocephalusridibundus) were mostly observed feeding on the mud flat. Fur-

thermore, it was the only habitat type where pied avocets (Recurvirostraavosetta) were seen.

This may be an effect of the feeding modes of this species which are well suited to take up com-

paratively small prey items in well penetrable sediments. In the Wadden Sea, the population of

pied avocets showed an overall decline since 1990 although it was declared to be stable in the

federal state of Schleswig-Holstein in the last years [3, 4, 88]. Mud flats appear to be one of the

preferred foraging areas of this bird species but the present study shows that the mud flat sys-

tem might be vulnerable in front of perturbations. These results should be taken into account

Interaction between birds and macrofauna within food webs of six intertidal habitats of the Wadden Sea

PLOS ONE | https://doi.org/10.1371/journal.pone.0176381 May 10, 2017 16 / 23

https://doi.org/10.1371/journal.pone.0176381


with respect to protection and management plans concerning bird species such as the pied

avocet.

Sand flat and seagrass meadow. Sand flats are the most expanded habitat type in the

study site. They are often characterized by a high abundance of the lugworm Arenicola marina,

a preferred food item of several bird species [43]. Seagrass meadows, on the other hand, are

shallow water habitats that provide shelter for a diversity of organisms [89]. They are used as a

nursery ground for juvenile fish and present a rich food source for herbivorous birds [89, 90].

Although the sand flat and the seagrass meadow are very different in their biological features,

we found several similarities in their functioning. They reveal comparable results for their size,

their degree of organization, their flow structure (FD and ELD) and in the recycling. Previous

work on food webs of sand flats and seagrass meadows of Baird, Asmus [10] already revealed

comparable results for both systems in terms of a high FD and a balance between detritivory

and herbivory. But the degree of organization was markedly higher in the studies of Baird,

Asmus [10]. In case of seagrass beds this might be due to the higher age of the seagrass beds in

the Sylt-Rømø Bight compared to the younger and more pioneering type of meadows of the

present study site. The TE was markedly higher in both systems of the present study compared

to the systems of Baird, Asmus [10] probably caused by a higher bird predation.

Both systems were strongly exploited by a huge number of foraging birds, resulting in an

increased trophic efficiency especially on the second and third trophic level. While sand flats

are already known to be important feeding grounds for birds, the high abundance of foraging

birds on the seagrass meadow is relatively surprising. Former observations indicated that sea-

grass meadows are of minor importance as a food source for non-herbivorous birds [91] but

our results indicate the contrary. Seagrass meadows often occur close to the shore in sheltered

areas [92] which can easily be disturbed by human influences such as increased tourism. In

this study, the seagrass meadow was isolated and situated further away from the shore and was

less influenced by human disturbances. This might explain the high abundance of birds feed-

ing on this habitat in contrast to the formerly observed seagrass meadows in the Sylt-Rømø
Bight [91]. But also the long exposure time of the seagrass meadow could play a role. There-

fore, it would be interesting to include more seagrass meadows situated in diverse location (i.e.

disturbed by human activities or remoted) in further studies to assess their overall importance

for foraging shore birds. Furthermore, our results suggest that birds might intensively use sea-

grass meadows as foraging areas when they are undisturbed environments indicating that con-

servation measures and management plans should focus on this particular habitat.

Birds in food web studies

Due to their high mobility birds are very difficult to include in quantitative analyses such as

food web studies. Nevertheless, they are very important predators in the intertidal areas and it

is strongly recommended to include birds in ecosystem models [43]. Numbers of birds but

also their feeding behavior can strongly differ in correlation with the season, water level and

time of low tide but also based on the location of the intertidal habitat and its exposure time

[93, 94]. It is therefore difficult to draw general conclusions on bird predation from the counts

that were done in the present study as the chosen habitats but also the time of counting and

the subjective error of the investigator might have biased the results. Bird predation can show

high variability from one day to the other and from one sand flat to a neighbored one as birds

also react to small-scaled differences [93, 94].

In the uncertainty analysis these circumstances were taken into account by randomly

changing flows within the networks. The uncertainty of the system attributes shows different

intensities but reveal wide ranges for some indices which could be an indication that the
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natural variabilities of each compartment could influence the overall functioning of the differ-

ent systems.

Comparison with previous studies

Comparisons between different food web studies are usually difficult as the focus of the studies

and the aggregation of compartments can differ strongly. This might bias the results of the dif-

ferent network analyses. In the present study we focused on the link between the intertidal

benthos communities and birds as top predators. Comparable intertidal models of the Sylt-

Rømø Bight [9–13] and the Brouage mud flat [5, 14] are more complete with additional com-

partments including zooplankton and fish. The model of the Jade Bay [8], does not include

higher predator levels such as fish or birds but is very detailed on the macrozoobenthic level

with almost each species representing one compartment.

However, there are some noticeable differences between the present models and the earlier

analyzed models of the Sylt-Rømø Bight, the Brouage mud flat and the Jade Bay. The first one

is the comparatively low recycling in all six habitat types of the present study. This could be

either a relic of network construction because unused detritus was assumed to be exported

during high tideor a result of the difference in the location of the study area. Keeping excess

detritus in the system could result in increased values for FCI [8, 10] as the amount of recycled

energy is higher than in systems in which excess detritus is exported. In addition, in the North

Sea ENA is often applied in well-studied, enclosed bays and bights with little water exchange.

In contrast, the present site was an open system with a direct connection to the open sea that

imports regularly a high amount of food for suspension feeders presumably resulting in a less

important role of recycling in this area compared to enclosed marine ecosystems.

Comparisons in the food web structure of different habitat types were rarely done before.

Baird, Asmus [10] analyzed eight different intertidal systems in the Sylt-Rømø Bight also

including mussel banks, seagrass meadows, sand flats and mud flats. Except for the already

mentioned differences in cycling and the ratio between detritivory and herbivory, the results

of Baird, Asmus [10] for these four habitats matched the ones of the present study.

To increase the comparability of the present study it will be necessary to create a food web

model of the whole study site and then analyze the system attributes and their relation to the

structure of similar systems. Furthermore, it would be interesting to include compartments

such as zooplankton and fish to have a more complete food web which is closer to reality. Such

studies could also be used as an important background for management and protection plans

in the Wadden Sea. However, habitat diversity appears to be of great importance for the Wad-

den Sea. Each habitat has its specific characteristics and features and seems to play a different

role in the entire Wadden Sea ecosystem.

Conclusions

In this study we conducted food web analysis for six intertidal habitat types in the Wadden Sea

that were known to be important forging areas for coastal bird species. The general structure

of the six food webs revealed a good trade-off between the degree of organization and the abil-

ity to cope with disturbances in all six systems. However, the systems differ in their detailed

features. The cockle field and the mussel bank are big and active systems but with a strong reli-

ance on external phytoplankton input. The razor clam field was shown to be a small system in

an immature status. The studied mud flat appeared to be sensitive to perturbations but is still

used by a lot of different bird species. The sand flat and the seagrass meadow revealed several

similarities in their structure and seem to be in a stable and mature status with a high impor-

tance for a large variety of foraging birds.
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Our results show that every habitat has its own features and characteristics. Therefore, habi-

tat diversity is an important trait for the function of the Wadden Sea as a whole ecosystem.

Every habitat type plays a different role in the heterogeneous mosaic, but it remains unknown

to what extend the different habitat types contribute to the whole system. As a next step, it

would be necessary to conduct an Ecological Network Analysis of the whole study site to get

insight into the complex interactions between the different habitat types and their influence on

the whole system structure.
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79. Saint-Béat B, Baird D., Asmus H., Asmus R., Bacherd C, Pacellaa SR, Johnsona GA, Davida V., Vézi-
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