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1. Introduction

The analysis of community functions of a certain geographical unit requires an ecosystem
approach tightly coupled with a larger spatial and temporal scale as can be covered by
laboratory or most field experiments (Jax 2006; Post et al. 2007; Musacchio 2009). The
various existing definitions of an ecosystem are able to describe the multifunctional nature of
animal and plant communities only partially (OIff et al. 2009). Functions related to spatial and
temporal variability, diversity and non-trophic interactions of organisms within a community
are currently regarded separately from those functions focussing on the contribution of
organisms to the material and energy flow (Jax 2006; Costello 2009).

An ecosystem is defined as a biological environment consisting of all the organisms living in
a particular area, as well as all the abiotic, physical components of the environment with
which the organisms interact. Based on this premise, definitions of ecosystems with a
population dynamic approach are not sufficient to explain ecosystem function as a whole,
because they only explain biotic variability by abiotic processes without integrating them into
complex network models. Models of material or energy flow fit into this premise more easily,
because they create abstractions from the species concept as a unit and consider mainly
energy or the elemental constituents and its cycling between living and non living
compartments (Lindeman 1942; Odum 1962; 1971). This approach facilitates a synopsis of
abiotic and biotic processes, but generally includes only indirectly non-trophic relationships
such as competition, resistance and symbiosis (MacArthur & Wilson 1967; Tilman 1982; OIff
et al. 2009).

An ecosystem is also defined as a unit consisting of a community of organisms with the
potential of self regulation and the space that is inhabited by them (Dahl 1908; Tansley 1935;
Ramade 1978; Voronov et al. 2002; for review see Olenin & Ducrotoy 2006). A further
problem is the often difficult separation of ecosystems (Jax 2006; Post et al. 2007; Yarrow &
Marin 2007).

In marine environments, benthic coastal communities are difficult to separate from each
other (Post et al. 2007), with the exception of those systems that are distinctly spatially
separated or that can clearly be distinguished by their different habitat structure, such as
mussel beds and seagrass beds. However, even these communities are interrelated to other
ecosystems by numerous interactions and interconnections that the concept of self
regulation is not entirely fulfilled in these systems.

From a global perspective a definition is easier, hence the ecosphere of the earth is a closed
system and therefore a unit that can meet the preconditions required by the ecosystem
definition (Ghilarov 1995). The first and second principles of thermodynamics form the basis
for the energetic or energy approach to ecosystem behaviour and the steady state of abiotic
and biotic processes (Hairston et al. 1960; Sellers 1969; Gallucci 1973; Hairston & Hairston
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1993; Hedin et al. 1998). The subdivision of the ecosphere into ecosystems of equal
importance is all the more indistinct as we diminish the spatial scale and further fragmentise
the systems into smaller units.

The Wadden Sea is a landscape or a geographical unit including a mosaic of intertidal sand
and mud flats as well as subtidal systems of inlets, channels and creeks characterising in this
spatially extended form the coastal area of the southeastern North Sea. It can be seen as a
transition region between land and sea or an ecotone (Kolasa & Zalewski 1995; Peters et al.
2006; Atrill & Rundle 2002; Hufkens et al. 2009), but it forms a marked morphological
boundary both to the land and to the sea. The catchment area of a tidal inlet is the basis for a
subdivision of the Wadden Sea into several systems and each inlet system exchanges its
water with the North Sea separately, while the mixing of water bodies of adjacent tidal
systems is spatially and temporally limited. The organisms living within a catchment area
interact with each other much more frequently than they do with those of adjacent systems
and they only leave their systems either actively by seasonal migration or passively by
current drifting, or during episodic storms. The animal communities within a tidal basin are
not fulfilling the premise of self regulation, but contribute to a network of interactions within a
certain temporal and spatial frame that is built by biotic and abiotic structure of the particular
tidal basin.

The Wadden Sea ecosystem is seldom considered from an holistic point of view, but some
approaches to do so have been developed as well as in comparable systems worldwide. The
first fundamental investigation of the Wadden Sea in this direction was already carried out at
1877 by Karl Mébius, who gave the first community concept using the example of an oyster
bed of the Sylt-Rgmg Bight. He stated that the system’s immanent mechanisms of self
regulation guarantee the preservation and survival of this community. For an oyster bed this
concept could not be further sustained (Reise 1990), although the biocoenosis or community
as a scientific term has been defined at first time and this gave an important impulse for the
further development of ecology as a scientific discipline. This scientific discipline
subsequently developed rapidly through investigations in terrestrial, limnic and marine
systems (e.g. Warming 1909; Elton 1927; Allee 1932; Allee et al. 1949). Only at a very much
later stage ecology turned to intertidal systems (e.g. Connell 1961; Paine 1966; 1974). Odum
& Hoskin (1958) analysed estuarine habitats at the American coast and used the holistic
approach for ecosystems which was formulated some years earlier (Clements 1905; Gleason
1926) and has been debated controversially but found later large agreement in ecological
concepts (e.g. Simberloff 1980; Wilson 1988; Liu et al. 2007). Subsequently in Europe
scientists initiated investigations at the ecosystem level in different marine systems based
upon the concepts of energy and material flow (e.g. Hughes 1970; van Es 1982; Warwick &
Price 1975). In shallow water areas of the Baltic Sea many communities have been
investigated, with the aim to assess the energy budget of the various subsystems of the
Baltic (e.g. Jansson & Wulff 1977). I n the Nortthk
budget has been developed for the Balgzand area in the Dutch Wadden Sea (Wolff & de
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Wolf 1977; Wilde de 1980; Kuipers et al. 1981). Influenced by the rapid economic and
industrial development in coastal areas and the assessment of consequences for the marine
ecosystem, especially eutrophication, investigations of material flow gained importance, but
focussed mainly on smaller sub-systems or sections thereof (e.g. Witte & Zijlstra 1984;
Veldhuis et al. 1988; van der Veer 1989).

Only few analyses of whole ecosystems have been carried out in the German Wadden Sea.
Between the two World Wars ecological research in the Sylt-Rgmg Bight has been applied to
aspects such as identifying and mapping coastal communities and their habitat requirements
(e.g. sediments and tidal exposure) (Nienburg 1927). It was the aim to prove whether the
Wadden Sea was a useful area for commercial fishing, especially shellfish (Hagmeier &
Kandler 1927; Hagmeier 1941) and for land reclamation (Wohlenberg 1933; 1934; 1937). At
the late 70ies to the beginning of the early 80ies research at the ecosystem level did start in
earnest in the Wadden Sea. Following the paradigm of the American research (e.g. Paine
1966; 1974) exclusion/inclusion experiments of certain organisms have been used to
investigate their interaction with adjacent communities (Reise 1978; 1981). Investigations of
the energy flow following a holistic approach such as those used in North America (e.g. Teal
1962; Pamatmat 1968; Hargrave 1969; Pomeroy & Wiegert 1981; Dame 1996) and Sweden
(Jansson & Wulff 1977) have been transferred to the Wadden Sea ecosystem (Asmus H
1982; Asmus R 1982; Asmus & Asmus 1985). In the Sylt-Remg Bight ecological research
has been carried out in one defined spatial area using both the organism approach (e.g.
Reise 1998; Beusekom & Reise 2008; Reise & Beusekom 2008; Reise et al. 2008) and the
material and energy flow approach (e.g. Asmus et al. 1998a,b,c; Asmus & Asmus 2000;
Baird, Asmus, Asmus 2004; 2007; 2008; Baird et al. 2009) for a long period of time since
1978.

I n the 9006s extended ecosystem analyses have be
base of a fundamental inventory of organism resources as well as of material and energy
flow (Leuschner & Scherer 1989; Lindeboom et al. 1989). In the Sylt-Rgmg Bight these
investigations were limited to the intertidal area, but considered also for the first time fish,
birds and marine mammals of the area (for summary see Géatje & Reise 1998). The outcome
of these analyses was the development of nature conservation concepts, which has been
scientifically. While the knowledge on Wadden Sea ecosystems was further complimented by
this research, a total and common view on the interlinked dynamics of the material flow and
the organisms was yet to be done. Even two dimensional hydrodynamic and numerical
models that have been described during this period remained widely limited on abiotic
processes such as currents and material transport (Stanev et al. 2003; Kohlmeyer &
Ebenhoh 2009).

In the middle of the nineties research on biodiversity became a dominant discipline against
the background of a drastic decrease in species numbers in various ecosystems of the world,
apparently through anthropogenic activities (Chadwick & Furman 1992; Tilman 1999).
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Concepts attempting to describe the relationship between biodiversity and ecosystem
functioning were at the time rather elementary and rudimentary although many promising
aspects have been published (Forster et al. 2006; Waldbusser & Marinelli 2006; Stachowicz
& Byrnes 2006; Naeem 2006; Bulling et al. 2006; Duffy & Stachowicz 2006; Ruesink et al.
2006; Duffy 2006; leno et al. 2006; Raffaelli 2006; Heip et al. 2009).

During the last hundred years ecosystem research has developed along two routes. On one
hand there is an approach that describes a community as the sum of its traits. Here spatial
and temporal variabilities of abundances of species come to the fore, which are defined by
their population dynamics (e.g. Turchin 2003; Geritz & Kisdi 2004) and their species diversity
(Rosenzweig 1995) as well as the number of interactions between the organisms. This
research focuses on ecosystem stability and resilience (e.g. Hughes 2003), on the
occupation of niches by organisms, as well as the various effects that the organisms exert on
each other (e.g. Bruno et al. 2003); these ideas were considered to impact on the
development and structure of the community. Thus the community in an ecosystem is
determined by the interplay between immigration and emigration, drift, recruitment, mortality
as well as predator-prey interactions. By incorporating various community information an
ecosystem model emerges which not only gives a qualitative image, but also quantitative
information on the system as a whole. Within this quantitative ecosystem approach we are
able to explain and describe the population dynamics of single species.

To characterise the function of an ecosystem a further approach is necessary which
describes the material or energy budget of an ecosystem. Trophic dynamics and
relationships are of prime importance in this context. The dynamics are defined by gross and
net primary production for plants, while secondary production, consumption, as well as
energy loss by respiration typifies that of an heterotroph (see Crisp 1984). Imports from
outside the system and exports of material and energy from the system are some of the main
controllers of the ecosystem behaviour and dynamics. The cross-linking of organisms in a
food web describes an ecosystem through the availability of its resources and their efficient
use from primary producer to top consumer. The mathematical formulation in form of vectors
and matrices describe the interactions between donor and recipient within a food web and
thus enables us to analyse not only single components but also imports, exports, recycling of
material and common transformation tracks which are used by different ecological
components. From this model system an array of indices can be derived which provides
information on system characteristics which is greater than the information content of the
sum of ecosystem parts. This approach describes the dynamics of ecosystem processes as
well as the functioning of an ecosystem.

Both approaches indicate different directions. The population dynamic model illuminates
primarily the qualitative changes within a system in the course of time, whereas the material
and energy flow model illustrates a state description of the potential of an ecosystem on its
sustainability, stability, maturity and the degree of development. To describe an ecosystem
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close to reality we have to consider the ability of change as well as the state of single and
multiple functions. It is of special importance to note that certain key species can be able to
influence the structure and dynamics of a system and are able to control material and energy
flow in the system (e.g. Eriksson et al. 2010).

In the context of the above arguments, the main objective of this thesis is to propose a
possible synthesis of different approaches of ecological research for a holistic description of
ecosystems. This will be exemplified by comparing the exchange processes between the
different communities and the overlying water column of a relatively separated large scale
biotope, the Sylt-Rgmg Bight, with its species configuration. This synthesis is based on my
own work and on comparisons with literature data available.



2. Study site

The Sylt-Rgmg Bight (SRB) situated east of the islands Sylt and Rgmg is one of the large
tidal basins of the Wadden Sea. A railway dam and a road causeway connect the mainland
with the islands of Sylt and R@mg, respectively, separating the Bight from the other parts of
the German and Danish Wadden Sea. This lagoon system is drained by three tidal inlets, the
Remg Dyb, the Hagyer Dyb and the Lister Tief, all three meet within the Lister Ley basin
which is connected to the North Sea by a narrow opening of 2.6 km between the islands.
Two rivers, Vida and Breded, open out into the bay draining a catchment area of about 1554
km?2 (1081 km? and 473 km?, respectively).

a. Geological history

At the end of the last ice age the SRB developed from a sheltered sandy plain protected from
a moraine chain in the west, forming now the islands of Sylt and Remg and a sandur area at
the mainland of Jutland/Denmark and Schleswig-Holstein/Germany in the east. When the
sea level rose dramatically about 5000 years ago, sea water entered the swampy area that
includes the river beds of Vida and Bredea and formed a marine bay. Due to intensive
sedimentation processes especially at the mainland coast large marsh areas developed. At
the western side of the moraine chain erosion and subsequent transport along the coastline
leads to the formation of large dune areas which formed long spits in northern and southern
directions.

b. Area

Today the SRB covers 404 km2 (Backhaus et al. 1998) of which 160,5 km2 (39%) is intertidal
related to spring low tide line and the major part is formed by shallow subtidal areas up to 5
m below spring low tide line ( 205.0 km2 or 51 %) (Fig.1). Based on mean low tide level 33%
of the area is intertidal and 57% is occupied by the shallow subtidal. Deep tidal gullies below
5 m have an area of 38.1 km2 or contribute 9.4% to the total bight. The deepest point is north
of the Ellenbogen (Sylt) with 40.5 m related to NN. The supratidal region represents a
transition between sandur at the mainland, moraine and dune landscape at the islands, and
is composed by salt and brackish marsh areas and sandy beaches. The area of this region is
in our days minute due to the forming of dikes, but originally includes the total marsh area
under natural conditions.

c. Climate
The climate is cold temperate and oceanic with a mean average winter temperature (from
October to March) of 5°C and a mean summer temperature (from April to September) of
13°C. Average amount of precipitation is about 750 mm a™ (Lohse et al. 1995). Maximum
rain fall is in August and the minimum is found in February. High wind speeds can be
measured throughout the year with a yearly average of 7 m s™ (Backhaus et al. 1998).



d. Hydrography
Tides: The hydrography of the SRB is formed by tides. Semidiurnal tides with a range of
about 2 m characterise the area. At high tide the SRB has a volume of about 1 000 000 m3,
about 50% leave the Bight during ebb tide (Backhaus et al. 1998).

Currents: Largest current velocities can be measured at the surface of the tidal inlets with up
to more than 1 m sec™. The current velocity decreases over the shallower, especially the
intertidal parts of the bight. Here on average 5-10 cm sec™ can be measured (Backhaus et
al. 1998).

Salinity: Hence river discharge into the Sylt-Rgmg Bight is only small, salinity changes are
more influenced by precipitation and thus represent polyhaline conditions changing in the
range of 28 to 32 psu.

e. Turbidity and light
Due to the low water depth of the bight and the windy climate, the water of the SRB is rich in
particles generating high turbidity. This turbidity impacts the light climate, but only small
rivers with a comparable small particle load enter the area and large estuaries are far away.
Therefore the SRB has a mean transparency compared to most other tidal basins of the
Wadden Sea (Asmus et al. 1998c).

f. Sediment properties
The sediment is mainly sandy but tends to be muddier towards the inner marginal and more
sheltered parts of the bight. There has been observed a tendency that mudflats decrease
within the bight whereas sand flats increase.
Sediment types have been described by Bayerl et al. (1998) in great detail.
For the purpose of the present thesis | divided the sediments roughly into sand flats and mud
flats. The sand flats have been further divided due to the degree of exposure and tidal
immergence into sandy shoals, sandy beaches, sand flats and muddy sands following the
system after Bayerl et al. (1998) and the sediment maps drawn by the same author. These
maps represent a snap-shot of the situation during the years 1992 -1996.

g. Communities
Each of the above mentioned sediment types is inhabited by a special community. In the
following the names of the communities are those of the sediment types with the exception of
the sand flat community which was described as Arenicola sand flat, due to the dominant
faunal component in this community, the lugworm Arenicola marina. In addition those
communities that could be easily distinguished from the sand flats by cover of visible
epibenthic structures such as mussel beds and seagrass beds have been also considered as
separate communities.
The coverage and share of the communities in the total intertidal area of the bight is
indicated in Fig. 1.
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Fig. 1. Benthic communities of the Sylt-Rgmg Bight showing areal distribution (left) and percentage
cover (right) of the intertidal area (after Baird, Asmus & Asmus 2007). The distribution represents the
situation from 1992-1996.

h. Present status

The system has changed in many aspects compared to the situation in 1992-1996. Sediment
seems to show a tendency to become courser in exposed and subtidal areas while mudflats
are decreasing (Dolch & Hass 2008). Due to the observed global climate change there have
been significant changes in winter and annual average temperature within the area, that
have probably lead to the spread of thermophile species such as Pacific oysters, cord grass
and slipper limpets. Also Lusitanian fish invaded the area and became established
populations. Some of these alterations may be visible at the ecosystem level, but they are
not the subject of this thesis.

11



3. Materials and Methods

In the following section a short summary of the experimental methods is presented delivering
data that are used for modeling the food web as well as to estimate material budgets.

Most of the general methods for determining biomass and productivity are already described
in detail in Asmus 1984; 1987; Asmus & Asmus 1985; 1990; 1998,a,b, 2000. Methods used
in the flume studies are described in Asmus & Asmus 1990; 1991; 1993; Asmus et al. 1992;
1994; 1995; 1998 a,b; 2000.

Methods for food web analysis by network analysis can be found by Baird, Asmus & Asmus
2004; 2007; 2008; 2009; 2011a, b.

a. Biomass and material flux measurements

i. Biomass
Phytoplankton: Phytoplankton biomass was estimated from cell counts in samples taken in
the Sylt-Remg Bight close to the Wadden Sea Station Sylt. Biomass of phytoplankton has
been determined by converting individual cell size of the particular species into cell volume
(for details see Asmus R 1984). Cell volume could be converted into individual carbon
content after Edler (1979). Multiplying cell numbers and individual carbon content values
resulted in species biomass. Biomass of total phytoplankton was estimated by summing up
biomass of the different species in each sample separately.
Microphytobenthos: Microphytobenthos was estimated in the same way as described for
phytoplankton (for details see Asmus R 1984). In each community eight replicate samples
were taken monthly by small sediment corers (0.64 cm?) from the top 3 mm of the surface
sediment during one year. Six of these sediment samples were cooked in a mixture of nitric
and sulphuric acid (2:1) and rinsed with aqua dest (7-10 times) to clean the diatom shells and
guantitative subsamples have been taken for species identification and cell counts. Two of
the replicate samples were only fixed with formalin. In all samples cells have been counted
and biomass has been estimated as described for phytoplankton. Epiphytes of seagrasses
have been treated in the same way with acid as described for the sediment samples.
Macrophytes: Seagrass and macroalgae were collected from a defined area (12.5*12.5 cm)
and the wet and dry weight has been determined (dry weight: 100°C for 2-3 days) by
separating into above ground (leaves) and below ground biomass (roots and rhizoms).
Zooplankton: Zooplankton biomass data have been used from the long term monitoring
programme for the particular years (Martens, personal communication).
Meiofauna: Biomass of meiofauna has been estimated using values from Xylander & Reise
(1984) and Dittmann & Reise (1985) for turbellaria. Biomass of Nematoda was estimated
after counts by own investigations (Asmus unpublished). For muddy sediments such as from
mudflats, mussel beds, dense Zostera beds and muddy sands an average of total meiofauna
biomass of 0.5 g C m? was estimated. In sandy sediments a higher value of 1 g C m® has
been used as an annual mean for the total meiobenthic community.
Macrofauna: For the determination of biomass of macrobenthic organisms sediment cores
were cut out by a box corer (10*10 cm, 15 cm depth). In total 6 different mussel beds were
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sampled monthly taking 6 replicates each (for details see Asmus 1987). The other
communities have been sampled in the same way (for details see Asmus & Asmus 1985;
1990; 1998 a; 2000). Sediment cores were washed through a sieve of 1 mm mesh size
already in the field. The remains (organisms, detritus and coarse sediment grains) have been
transferred quantitatively into sampling devices and in the laboratory living animals or freshly
dead animals were sorted out, separated into species and counted. Individuals of one
species have been separated into size classes, when necessary, and after adherent water
has been swabbed with wipes, the animals were put into aluminium crucibles. These
samples were weighed freshly, after drying in an oven at 60-80°C (24 hours) and after
subsequent cooling in a vacuum desiccator weighed to obtain the dry weight. After this
procedure the dry and weighted samples have been ashed in a furnace at 450° C. From the
difference between ash weight and dry weight, ash free dry weight has been estimated.

From very abundant specimen only 30-40 individuals representing the total size range have
been sampled and both an easily measurable size parameter (depending on species i.e.:
shell length, shell diameter in bivalves and molluscs or width of prostomium for polychaetes)
per individual as well as individual weight was determined as mentioned above.

Fish: Biomasses of fishes are based on values taken during the SWAP (i.e. Sylter
Wattenmeer Austausch-Prozesse)i Project (Herrman et al. 1998).

Birds: Bird biomass was based on measurements and observations during the SWAP-
Project (Nehls & Scheiffahrt 1998).

ii. Productivity
Phytoplankton: For determination of phytoplankton primary production twice a month 8 light
and 4 dark bottles (300 ml each) were filled with unfiltered seawater at low tide and
incubated in situ, drifting in the middle of the water column. Production has been measured
using the oxygen method (Asmus R 1984; Asmus R et al. 1998).
Microphytobenthos: Parallel to measurements of the community metabolism a thin surface
sediment layer of 3 mm has been sieved through a 500 p mesh to remove macrobenthic
animals. This layer was taken by 97 16 small sediment corers covering the bottom area of 2
light and one dark sediment chambers of an area varying between 16.62 to 28.26 cm? or a
volume of 100 to 300 ml. After pouring the sediment layer in, these chambers were filled with
filtrated and equilibrated seawater of known oxygen content and incubated in situ for the total
inundation period. At the end of the experiment oxygen concentration was estimated in the
enclosed water body by oxygen electrodes. Gross primary production was estimated as
GPP (mg C m?h™") = GPP (mmol O, m? h")*12/0.8
where 12 is the conversion for mmol CO, into mg C and 0.8 is the empirical photosynthetic
quotient PQ measured for this study site (Asmus R et al. 1998).
Macrophytes: Primary production of macrophytes has been estimated in the seagrass bed
and the mussel bed from community metabolism measurements. Oxygen production of
macrophytes was estimated as the difference between total oxygen production and the
oxygen production by phytoplankton and microphytobenthos. Oxygen consumption was
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estimated as the difference between total oxygen consumption, oxygen consumption of the
water body, the sediment and the enclosed faunal components. After convertion of oxygen
fluxes into carbon units, net primary production was computed as the difference between
gross primary production and respiration.

Zooplankton: Secondary productivity data of zooplankton were computed from zooplankton
biomass using a P/B ratio of 0.2 after Fransz (1981) for zooplankton of the Wadden Sea.
Meiofauna: Secondary production of meiofauna was computed from meiofauna biomass
using a P/B-ratio of 8 after Witte & Zijlstra (1984).

Macrofauna: Secondary productivity of macrofauna was estimated after the method of Crisp
(1971; 1984) using weight increments within a certain time period (months) using the
following formula:

P = ( Nu*Wy) + (Np*We)/ to-t;

where P is production of a species or a size class per m? and (t, i t;) the time interval, Ny is
the average abundance of the particular species at time t;, N, is the average abundance at
time t,. wy represents the mean individual weight at t;, wy, that at time t,, Weight was given in
ash free dry weight.

Estimation was based on the values of abundance and individual weights of organisms of the
sediment cores. For organisms with only low biomass, production has been estimated after
the method of Banse & Mosher (1980) using P/B-values.

Fish: Production of fish has been estimated from biomass data (Herrmann et al. 1998) using
P/B-ratios.

Birds: Production of birds has been estimated from biomass data (Nehls & Scheiffahrt 1998)
using P/B ratios.

iii. Respiration
Phytoplankton: Phytoplankton respiration was estimated from oxygen consumption in dark
bottles, which was measured parallel to primary productivity. Oxygen fluxes were converted
to carbon units using a respiratory quotient of 0.85.
Microphytobenthos: Microphytobenthos respiration was obtained from measurements of
oxygen consumption in dark benthic chambers incubated parallel to the light benthic
chambers for the production measurements. A RQ (CO,/O,) of 1.3 has been estimated
empirically (Asmus R et al. 1998c).
Macrophytes: Respiration of macrophytes has been computed after the oxygen
consumption within dark benthic chambers as the difference between total oxygen
consumption and that of sediment and water including fauna and bacteria.
Zooplankton: Zooplankton respiration has been measured by annual R/B values of 13.3
(computed after Martens 1986)
Meiofauna: Meiofauna respiration has been estimated after Witte & Zijlstra (1984) using an
average annual P/R value of 30.3.
Macrofauna: Measurements of respiration rates of dominant species have been carried out
with individual macrobenthic animals in closed chambers at in situ temperatures due to the
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different seasons. Because respiration rate is dependent on the size of investigated animals,
different size classes of a species have been considered, when necessary. For the
measurements freshly caught organisms have been elected that represent the in situ
nutritional stage and the level of metabolism of the particular species. Single laboratory
experiments run over 12 to 24 hours. By choosing a sufficient ratio of animal to water volume
it was ensured that oxygen saturation did not decrease below levels of 80% during this time
to avoid adaptation of respiration rate to low oxygen levels. Oxygen content was measured
with oxygen sensors at the beginning and end of the experiment. Respiration rate was given
as mg O, per g ashfree dry weight and was estimated as follows:

mg O, /g asfdw /h = (C,-C4)*V/(1000* Wi,q* (to-t1))

where C; and C,, represent oxygen concentration in mg L™ at the beginning and end of the
experiment, V is water volume of the respiration chamber in mL, W4 is the individual weight
of the incubated animal in g afdw, and t; and t;, is the time at the beginning and the end of the
experiment.

For the estimation of carbon fluxes respiration rates have been converted by an oxycaloric
equivalent of 0.486 (Winberg 1971) in mg C m2h™.

Fish: Standard metabolic rates for fish were used to compute respiration rates. The
allometric relationships were taken from the literature (Fonds et al. 1985; 1989; Panten
1995).

Birds: The metabolic rates of birds in the field were derived from the allometric equations
provided by Nagy (1987).

iv. Exudation, egestion and excretion
Phytoplankton, microphytobenthos and macrophytes: Exudation by phytoplankton is
considered to be an important source of DOC in aquatic systems (Valiela 1995). We
assumed that about 25% of the net photosynthetic production of phytoplankton and
microphytobenthos entered the DOC pool in the Bight (Vegter & De Visscher 1984; Baird &
Ulanowicz 1989), and about 2% of the macrophyte NPP (Sieburth 1969; Sieburth & Jensen
1969; Brylinski 1977; Valiela 1995).
Zooplankton: Zooplankton egestion was estimated as the difference between consumption
by zooplankton and assimilation (ie. production + respiration) following the budgetary
equation of C=P+R+E after Crisp (1971).
Meiofauna: As for zooplankton egestion by meiobenthos was estimated by the difference
between consumption and assimilation.
Macrofauna: Egestion of some macrofauna species has been determined experimentally,
where excretion of dissolved nitrogen and phosphorus has been measured (for details see
Klrten 2006).
Determination of the egestion rate has been carried out parallel to measurements of
respiration in closed chambers. Nutrients, such as ammonium, total nitrogen, ortho-
phosphate and total phosphorus have been considered as egestion parameter.
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Determination of concentration of this material was carried out following the
recommendations of Graf3hoff et al. (1983; 1999).

Excretion rate has been determined in mg N, P separated between dissolved and particulate
components. Only for dissolved components:

mg dissolved (N,P,) /g asfdw /h = (Cnp 2-C np, 1)*V/(1000* Wing* (t2-t1))

where C yp 1 and C yp, 2, COrresponds to nutrient concentration mg L™* at the beginning and
the end of the experiment, V is the water volume of the chamber in ml, W4 is the weight of
the incubated animal or animals in g afdw, and t; and t, is the time at start and end of the
experiment.

Egestion of particulate matter (faeces) as well as excretion of dissolved carbon components
have been estimated for the modelling by means of elemental analysis of faeces material or
by literature values which have been related to the biomass of the particular component.

Fish and birds: Egestion of fish and birds has been computed by using the difference
between consumption and assimilation.

v. Consumption
Consumption of heterotrophic organisms has been estimated as sum of production,
respiration and egestion (Crisp 1971). In those cases, such as meiofauna, zooplankton,
bacteria and some macrobenthic species, where egestion values were not available from
own measurements, consumption (C) was computed from the equation C= A/A,; (Baird &
Milne 1981), where A is assimilation and A is assimilation efficiency. Values for assimilation
efficiency were used from the literature for the particular species. In those cases where no
information was available, assimilation efficiency was taken from species with a similar
taxonomic range.
Fish consumption was either obtained from the literature or estimated from the empirical
relationship C = 1.25(P + 2R) (Winberg 1956; Mann 1965).
Consumption by carnivorous birds was taken from Scheiffarth & Nehls (1997).
Consumption by herbivorous birds was estimated using R/B values reported in Madsen et al.
(1988).

b. Community i Metabolism
Methods for measuring community metabolism are described in Asmus H (1982), Asmus R
(1982; 1986) and Asmus & Asmus (1985;1990).
Measurements were carried out in closed benthic chambers (bell jar technique) in situ (Fig.
2). For each community benthic chamber measurements were set up with a set of 6 dark and
6 light chambers to measure community respiration and net community production
separately. Community measurements have been carried out monthly during one year.
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Fig. 2. Benthic chamber (bell jar) made from PVC for measuring metabolism rates of benthic
organisms and communities in situ.

Oxygen concentration within the benthic chambers has been recorded with oxygen
electrodes every hour. For analysis, only values higher than 80% saturation have been
considered, to avoid alteration of respiration rates due to low ambient oxygen concentration.

c. Measurements of exchange processes
For measuring exchange processes in situ, the Sylt Flume was constructed. This large
measuring facility was built in each of the investigated communities and measurements were
carried out from 1989 to 1996. (Fig. 3, see also Asmus & Asmus (1991; 1993; 2000) and
Asmus et al. (1992; 1995)).
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Fig. 3. Sylt Flume: A) Horizontal projection. B) Vertical Projection. Flume consists of a metal
construction covered by 3 plastic foils (yellow) forming walls for two lanes. The flume is orientated
parallel to the main current direction and its openings allow inflow and outflow of tidal water. Induction
current meters are installed in the centre of each lane. Water samplers are positioned at each of the 2
platforms at the inflow and the outflow of the flume.

The Sylt Flume was constructed of a 20 m long and 2 m high steel frame system with two
lanes 2 m wide each (Fig. 3). It was erected on a natural benthic community in situ. The
flume is orientated parallel to the main flow direction. Plastic foils canalized the tidal waters
and prevented lateral mixing. Heavy iron chains pressed the lower margin of the foils onto
the bottom. When no measurements were taken, the foils could be rolled up and fastened to
the frame. In one lane the natural benthic assemblage remained undisturbed, in the other
lane, either mussels or seagrass were removed by hand or lugworms were displaced by
burying a fine meshed net into the bottom of the lane. These manipulations were carried out
four weeks before the experiments started, leaving in all cases a bare sediment. This lane
served as a control. Every half an hour water samples were collected 15 cm above the
bottom by electrical pumps at the inflow of the flume, and a corresponding set of samples
was taken when the water had passed the flume. The parameters measured were particulate
organic carbon, particulate organic nitrogen, ammonium, nitrate, nitrite, total nitrogen, total
phosphorus, dissolved inorganic phosphorus, dissolved silicate (the data on silicate were not
used for the synthesis in this thesis). The difference in concentration between inflow and
outflow were used to estimate the material flux, considering the water volume passing in this
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time period. In the previous experiments current velocity was measured by drifting buoys as
well as by induction current meters.

d. Network analysis
Network analysis consists of methods for the systematic assessment of ecological flow
networks. We used the software package NETWRK 4.2a (Ulanowicz & Kay 1991) to perform
the following analyses:

(1) Input/output analysis which measures the importance of the direct or indirect effect of any
particular transformation or flow to any other compartment (or species) (Hannon 1973), and

allows one to quantify the int er dependence of compartment s.

coefficients (Szyrmer & Ulanowicz 1987) provides information on the fraction of the energy
that leaves compartment i that is eventually ingested by compartment j over all direct and
indirect pathways.

This analysis computes the extended diet of a species (or compartment) which gives the
degree to which the diet of any particular component depends directly and indirectly on any
other compartment in the system.

(2) The average path length (APL) is a system descriptor that measures the average number
of compartments that a unit of carbon passes through from its entry into the system until it
leaves the system. The APL is defined by (TST-Z)/Z, where TST is the total system
throughput (see below) and Z equals the sum of all exogenous inputs (Kay et al. 1989; Baird
et al. 1991). The path length is expected to be higher in systems with high degrees of flow
diversity and cycling (Christensen 1995).

(3) The average residence time (ART) of energy in the system is the ratio between the total
system biomass and the sum of all outputs (respiration and exports) (Christensen 1995).

(4) The Lindeman spine transforms each complex network of trophic transfers into a
concatenated food chain with discrete trophic levels. The Lindeman spine illustrates the
amount of carbon that each trophic level receives from the preceding level, as well as the
amount leaving it through respiration, export, detritus and the net production passed on to
the next higher level. It also represents the recycled pool of detritus, imported organic matter
and autotrophs from the first trophic level. The Lindeman spine allows calculation of the
trophic efficiency for each level, i.e. the efficiency of transfer from one level to the next. The
system trophic efficiency is computed as the logarithmic mean of the integer level
efficiencies.

(5) The structure and magnitude of the cycling of carbon in an ecosystem is given by the
number and length of cycles within the system and the fraction of total systems activity that is
devoted to cycling. The Finn Cycling Index (FCI) gives the proportion of the flow in a system
that is recycled (Finn 1976). TST is the sum of all flows in the system. The FCI is equal to
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Tc/TST, where Tc is the amount of system activity devoted to cycling. The FCI measures the
retentiveness of a system. Network analysis also describes the structure of biogeochemical
cycling through identification and enumeration of all simple cycles in the system. A simple
cycle represents a series of transfers between compartments beginning and ending in the
same compartment without going through the same compartment twice. The fluxes between
compartments in a cycle are not necessarily equal. The smallest flux represents the weakest
link of the cycle (or weak arc), and all cycles that share the same weakest link are grouped
into a nexus. By grouping cycles according to their weakest link, one defines the domain of
influence of each weak arc. The flows associated with each cycle and nexus of cycles are
also quantified in this analysis (Baird & Ulanowicz 1989; Baird et al. 1998).

(6) Various global system properties, or indices, based on information theory, reflect the
complexity of organisation of the system (Ulanowicz 1986; 1997). System ascendency (A) is
a single measure of the activity and organisation of an ecosystem and is the product of both
the size (TST) and the average mutual information (AMI, i.e. the degree of specialisation of
flows in the network) (Ulanowicz 1986). Complex trophic structure and high system
productivity enhance ascendency. The development capacity (DC) is the product of TST and
the flow diversity and can be demonstrated to be the upper limit of A. System overhead (O) is
numerically represented by the difference DC i A, and represents the fraction of the DC
which has not yet been organised (Bondini & Bondavalli 2002). The sum of the overheads is
the difference between the ascendancy and its upper boundary, DC (Ulanowicz & Norden
1990). Redundancies, or parallel flows in the imports, exports, dissipations and internal
exchanges all contribute to the total overhead. Ascendency measures the efficiency and
definitiveness by which energy transfers are made, whereas the overhead quantifies how
inefficient and ambiguous the system performs on average. Internal ascendency (Ai) and
internal developmental capacity (DCi) are functions of internal exchanges alone, and thus
exclude exogenous transfers. Flow diversity, defined as DC/TST, encompasses both the
numbers of interactions and the evenness of flows in the food web (Mann et al. 1989; Baird,
Asmus & Asmus 2004). Connectance is the weighted average number of flows out of
compartments, with weighting based on relative magnitudes of those flows. Overall
connectance includes all transfers, internal connectance characterises only internal
exchanges, whereas food web connectance refers only to transfers among the living
compartments in the system (Ulanowicz 1997).

Results from these analyses were compared to similar system level indices of other marine
ecosystems reported in the literature. However, comparisons of ecosystems are complicated
at different degrees of aggregation (Mann et al. 1989; Baird 1998). To overcome this,
species in the Sylt-Rgmg Bight ecosystem having the same mode of feeding and which
obtain their food from common prey resources were grouped together, and a model
consisting of 18 compartments was constructed (using the AGGREGATION subroutine) and
subjected to network analysis. In this paper, comparisons are made between systems
comprising between 15 and 18 compartments, including 3 nonliving ones in each. The same
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currency, carbon, was used for biomass and flows, and rates were expressed in mgC m'“d'*
in all cases. The software routines (NETWRK 4.2a and AGGREGATION) that perform all the
above-mentioned analyses and its supporting documentation may be downloaded from
www.cbl.umces.edu/~ulan/ntwk/network.hmtl.

e. Statistical analysis

For budgeting values were used from network analysis of the different communities
described in recent papers based on our data set (Baird, Asmus & Asmus 2004; 2007; 2008;
Baird, Fath, Ulanowicz, Asmus & Asmus 2009). Because the network analysis computes
only average rates without showing a range of variability, it was not possible to give standard
deviation for most of the values. This is a disadvantage of the current routine programme that
is outweighed by the possibility to analyse and calculate complex interactions. Most statistics
are described in the original papers (Part two of this thesis).
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4. Exchange processes and food web of intertidal benthic
communities - synthesis of results

The following chapter represents the body of data material derived from network models
carried out in the last years (Baird, Asmus & Asmus 2004; 2007; 2008; 2011) and Baird ,
Fath, Ulanowicz, Asmus & Asmus (2009);. It includes also material of original flume and
production measurements from earlier investigations which was discussed and published
already in Asmus H (1982; 1984; 1987; 1994), Asmus & Asmus (1985; 1990; 1991; 1993;
1998a,b; 2000; 2005; 2011a; b) and Asmus et al. (1990; 1992; 1994; 1995; 1998;a;b,c;
2000). The scientific progress compared to earlier descriptions of the benthic-pelagic
exchange processes of certain communities by the author is seen in the synthesis of
exchange process data with the outcome of food web analysis, the higher resolution into
partial processes and model results on a precise taxonomic level.

a. General description of exchange processes

Pelagic-benthic exchange processes: Interactions between the pelagic and benthic
environments are related to a variety of abiotic and biotic processes that have a major
influence on the structure and dynamics of marine ecosystems. Transport of particulate and
dissolved material, gases, as well as living organisms, but also sedimentation and erosion
are subsumed under these processes, that induce a shifting of material between benthic and
pelagic material pools and vice versa. (Figs. 4, 5, 6). Imbalances in these transactions result
in a change of the biotic structure and have far reaching consequences for the development
of the communities. Exchange processes are either directed from the water (pelagic domain)
to the bottom (benthic domain) (termed as pelagic-benthic) or reversed (termed as benthic-
pelagic), and can impact on abiotic material pools as well as producers and consumers, or
they can be related to the exchange between abiotic and biotic material components (Table
1).

Among the abiotic pelagic-benthic exchange processes are sedimentation and gas transport
that includes oxygen transport which is of special ecological importance. Thus abiotic
exchange processes not only take place on the biotope level but also at the interface
between abiotic and biotic pools. While sedimentation decreases with increasing currents
and turbulence, gas transport is accelerated by hydrodynamics. Physical factors have
therefore promoting or inhibitory effects on exchange processes. Thus the abiotic inventory
of a community or the determinative situation (Schwerdtfeger 1975) is modifying the
exchange processes. Abiotic exchange processes coupled to physical factors exert indirectly
on an ecosystem dimension, because hydrographic conditions and with this the
determinative situation of the biotope can be changed by the community in certain limits (see
also Massel 1999).
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Fig. 4. Scheme of general pelagic-benthic and benthic-pelagic carbon exchange processes between an
intertidal benthic community and the overlying pelagic domain.

Pelagic-benthic fluxes: abiotic: white: 1: sedimentation of organic material and sediments; 2. atmospheric
CO, intake; biotic: blue: 1 phytoplankton uptake by macrobenthos; 2 suspended POC uptake by
macrobenthos; 3 zooplankton uptake by macrobenthos; 4 sedimentation of phytoplankton; 5 CO,_uptake
by phytobenthos.

Benthici pelagic fluxes: abiotic: red: 1 re-suspension and erosion of organic matter and sediments; 2
advection of pore water CO,; 3 advection of dissolved organic carbon from pore water; biotic: green: 1
bioturbation of sediments and organic material; 2 resuspension of microphytobenthos; 3 release of
macrobenthic spawn and recruits; 4 predation by birds, fish and invertebrate nekton. 5 macrozoobenthic
drift; 6 macrophytobenthos drift; 7 CO, production by respiration of bottom fauna and bacteria.

Among exclusively biological exchange processes that are directed from the water body to the
bottom are above all processes related to feeding and reproduction, particularly filtration of
phytoplankton and the transition of larval recruits to the benthic phase, such as the primary
settlement of postlarvae of many benthic organisms. These processes occur exclusively at the
community level and are influenced by an array of different controlling factors (Dudas et al.
20094, b; Kirby et al. 2008; Drent 2002), especially hydrographic conditions and temperature.

Many benthic-pelagic processes connect the abiotic biotope with its community and act therefore
on the ecosystem level. These processes include the uptake of dissolved nutrients and CO, by
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Fig. 5. Exchange processes scheme of general pelagic-benthic and benthic-pelagic nitrogen exchange
between an intertidal benthic community and the overlying pelagic domain.

Pelagic-benthic fluxes: abiotic: white: 1: sedimentation of organic material; 2: atmospheric N, intake; biotic:
blue: 1 phytoplankton uptake by macrobenthos; 2 suspended PON uptake by macrobenthos; 3
zooplankton uptake by macrobenthos; 4 sedimentation of phytoplankton; 5 DINT uptake by phytobenthos;
6 nitrogen fixation by bacteria.

Benthici pelagic fluxes: abiotic: red: 1 resuspension and erosion of organic matter; 2 advection of pore
water N,; 3 advection of dissolved organic nitrogen from pore water; 4 advection of dissolved inorganic
nitrogen from pore water; biotic: green: 1 bioturbation of sediments and organic material; 2 resuspension
of microphytobenthos; 3 release of macrobenthic spawn and recruits; 4 predation by birds, fish and
invertebrate nekton; 5 macrozoobenthic drift; 6 macrophytobenthos drift; 7 DIN production by bottom
fauna and bacteria; 8 denitrification.

phytobenthos, the oxygen uptake by benthic heterotrophs, filtration of detrital particles by
suspension feeding macrobenthos, or the CaCO; uptake by benthic organisms for biogenic shell
formation.

Benthic-pelagic exchange processes: Abiotic processes that transport material from the
bottom to the water column are dependent on higher current velocities and turbulences. Due to
increasing critical shear velocity sediment particles start to resuspend from small grain sizes to
larger size fractions, and at high turbulences the total sediment surface layer can be removed.
Transport of gaseous compounds such as CO, and N, will be intensified by water movement, but
even a minor exchange will occur by diffusion as long as a concentration gradient exists
between the benthic and pelagic pool of the particular compound.
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Fig. 6. Scheme of general pelagic-benthic and benthic-pelagic phosphorus exchange processes
between an intertidal benthic community and the overlying pelagic domain.

Pelagic-benthic fluxes: abiotic: white: 1: sedimentation of organic material; biotic: blue: 1
phytoplankton uptake by macrobenthos; 2 suspended particulate organic phosphorus (POP) uptake
by macrobenthos; 3 zooplankton uptake by macrobenthos; 4 sedimentation of phytoplankton; 5 uptake
of dissolved inorganic phosphorus (DIP) by phytobenthos.

Benthici pelagic fluxes: abiotic: red: 1 re-suspension and erosion of organic matter; 2 advection of
dissolved organic phosphorus (DOP) from pore water; 3 advection of DIP from pore water; biotic:
green: 1 bioturbation of sediments and organic material; 2 resuspension of microphytobenthos; 3
release of macrobenthic spawn and recruits; 4 predation by birds, fish and invertebrate nekton. 5
macrozoobenthic drift; 6 macrophytobenthos drift; 7 DIP production by bottom fauna and bacteria.

Beside passive drifting of benthic organisms and resuspension of microphytobenthos,
vertical migrations and release of reproduction products by benthic organisms with a pelagic
egg or larval phase are counted among the direct biological benthic-pelagic processes. In
addition predation by pelagic predators on the community falls in this range of processes.
The potential of such an interaction is specific for the species. Through biological benthic-
pelagic processes energy and material as well as organisms are lost from the community
steadily.

The abiotic and biotic material pool can be connected even by benthici pelagic processes.
Oxygen production through photosynthesis of benthic algae and seagrasses and the CO,
production by respiration of heterotrophic components are examples of these processes at

the ecosystem level.
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While the exchange processes mentioned above represent single connections or interactions
between two components, some interactions can be dependent on each other and form a
process sequence such as the filtration of plankton and the subsequent excretion of
dissolved nutrients or faecal material. In general such sequences consist of a pelagic-benthic
and an antagonistic benthic-pelagic process, which are both connected by one or even more
entire transformation processes such as digestion, defecation by macrobenthos and
remineralisation by bacteria.

Pelagic-benthic exchange processes are exogenous material or energy imports as far as we
consider the benthic system, but for the pelagic environment they are considered as exports.
Correspondingly the reverse is happening regarding benthic-pelagic exchange processes.
An overview of the order of magnitude of the pelagic-benthic and benthic-pelagic exchange
processes is given in Table 1.

If the investigated ecosystem or community is characterised by a stable material pool, then
pelagic-benthic as well as benthic-pelagic exchange processes must be in steady state
equilibrium.

The depicted processes occur in intertidal systems only during immersion and can be
brought to nearly a standstill during emersion. During this phase benthic communities are
connected with the atmospheric environment, and thus other processes, especially gas
exchange, desiccation and precipitation processes prevail, which can control settling
structure and species composition of a community. Among the biotic processes predation by
waders, geese and gulls is coupled to the low tide phase.

Exchange between two adjacent communities occurs mainly by interactions between the
benthal and pelagial. Exceptions are sediment transports or migrations of mobile benthos or
nekton at the bottom, such as those of snails and crabs migrating from one community into
the adjacent one.

Because exchange processes depend to a large extent on the activity of single species,
certain organisms within a community contribute more to the exchange than others. Thus
material exchange processes are determined by the organism community and its species
composition. They are distinct indicators of the activity of an ecosystem, because they
express directly the interplay between abiotic and biotic processes.

Benthic-pelagic and pelagic-benthic processes are normally defined by the community where
these processes happen and by its constituents. Both can be considered as a black box. In
the Wadden Sea different communities contribute differently to this exchange due to the
population density of plant and animal components and their species specific potential for
exchange. Communities will be therefore regarded separately in the following text.

Exchange processes in single communities will be structured by their chemical components
carbon, nitrogen and phosphorus (for an overview of carbon see Fig. 4, for nitrogen Fig. 5
and phosphorus Fig. 6.).
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Table 1. Range of dominant pelagic-benthic and benthic-pelagic exchange processes (yearly average
in mg m? h™), splitinto C, N, P, in intertidal communities of the Sylt-Remg Bight.

Process Order of magnitude (in mg C, Nand Pm?h™)
C N P

Pelagic-benthic:

Abiotic processes

Sedimentation 0-320 0-71 0-17

Gas transport

into the sediment 0-30 071 0.001 -

Biotic processes

Filtration of

phytoplankton 3-200 0.3-30 0.02- 2

Filtration of POC, PN 1-33 <0.1-3 0.01-0.8

Uptake of dissolved - 3 -34 0.2371 2.08

inorganic nutrients

Primary settlement of 02- 2 <0.017 0.39 0.00371 0.04

postlarval stages of

benthic organisms

Sedimentation of not considered

phytoplankton

CO, Uptake by plants 38 - 220 - -
Benthic-pelagic

Abiotic processes

Erosion 071 270 oV 27 0-6

Gas transport

into the water column (CO,, N,O) 0-20 0- 0,025 -

Biotic processes

Resuspension of faeces 07 56 07 6 0-3

Resuspension of

microphytobenthos low low low

Excretion dissolved matter

inorganic: - 1.6 -39 171 5.6

organic: 07 12.3 01 1,2 0- 0.2

Drift of benthic organisms 39.471 194.9 8.71 42 0671 34

Predation of benthos <0.0171 43.7 <0.0171 9.3 <0.017 0.6

by nekton and diving birds

Respiration /CO,-Production 20 -307 - -

Denitrification/ N, - production - 0.077 0.1 -

Release of sexual products 0.067 14.8 0.0027 34 0.001-0.3

Rupture of macrophytes and 071 163.9 01 24.7 071 1.6

epifauna by storm and ice score

27



b. Exchange processes and food web organisation in intertidal mussel beds

i. Carbon exchange in mussel beds
Comparing both benthic-pelagic with pelagic-benthic processes leads to an estimation of the
net fluxes which indicate the direction of the fluxes and characterise the mussel bed system
either as a sink or a source for the exchange of material and organisms.
Table 2 summarises the main carbon fluxes due to their main constituents either organisms,
particulate material, dissolved organic material or dissolved inorganic material.
Interestingly the loss of carbon due to living organisms by a mussel bed is higher than the
import on an annual base. This loss is originated by loss of macroalgae by storms (39%) and
by drift of organisms (47%), whereas loss by reproduction products is only 4%.
Predation by birds contributed also with 10% to total loss, whereas impact of fish was
negligible. Counteracting organism import processes do not outweigh these losses. The main
process is the uptake of phytoplankton by suspension feeders (196.94 mgCm?h™)
representing 49% of total organism intake. Consumption of bacteria and zooplankton as well
as settlement of postlarval stages is of minor quantitative significance for organism uptake.
Mussel beds are therefore net sources of living organisms which have to be compensated by
the entire production of the community.
The uptake of particles on the other hand is higher in mussel beds then its release. Organic
material from detrital particles is therefore accumulating in the mussel bed or is processed by
the community to support production and remineralisation. Even uptake of dissolved organic
carbon prevails in mussel beds.
In total, a mussel bed is a sink for dissolved and particulate organic material, but a source for
dissolved inorganic carbon and organisms. The total carbon balance characterises the
mussel bed as a carbon sink where especially POC is taken up in excess at least on an
annual base. This could lead to a burial of mussel beds with organic sediment, and indeed
mussel beds show a distinct elevation by accumulating organic rich sediment below the living
mussel carpet (Smaal & Haas 1997). However, after a certain elevation level is attained,
mussel beds are sensitive to currents and turbulence especially during storms. These
irregular events may regulate the carbon balance at a larger time scale.

Table 2. Budget of carbon fluxes through a mussel bed in mg C m?h™ based on annual means. The
budget was computed as BP1 PB, where PB = pelagic-benthic exchange and BP = benthic-pelagic
exchange. Positive values indicate a net release and negative values a net uptake by the community.

pelagic- benthic-
benthic pelagic budget
mg C m?h*! mg C m?h* mg C m?h*!

C-exchange via organisms 399.75 417.37 17.62 release
C-exchange via particles 349.18 0.00 -349.18 uptake
C-exchange via dissolved organic carbon
DOC 13.32 3.95 -9.37 uptake
C-exchange via dissolved inorganic carbon 220.93 308.65 87.72 release
DIC
F Tot al 983.18 729.97 -253.21 uptake
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ii. Nitrogen exchange in mussel beds

Similar to the benthic-pelagic C-flow, N-compounds are partly exported from the mussel bed
system, but in total mussel beds are sinks for N. Nitrogen is imported by particle
sedimentation as well as patrticle filtration. This N-input is the base for the high productivity
and high metabolic activity of the mussel bed and thus DIN as well as nitrogen bound in
living organisms leaves the system. The latter pathways hardly compensate for the high N-
import. Thus mussel beds act as a sink for particulate N and a source for inorganic N or living
organisms.

A net import of 109.39 mg N m*h™ (sum of net PON-exchange and net DON-exchange) has
been measured for an intertidal mussel bed and this amount is allocated between particulate
N import (68%) and dissolved organic N import (32%) (Table 3). A net export of 11.56 mg N
m?h* (sum of net organism exchange and net DIN exchange) has been measured to
compensate for it, produced by export of organisms, especially the rupture of macroalgae
(52%) and the export of ammonium (48%) due to remineralisation and excretion processes.
In total 97.83 mg N m?h™ is accumulated in the mussel bed system, which can be
compensated by irregular particle export due to strong winds or due to denitrification
processes in the anoxic mud below the mussel layer within this community.

Table 3. Budget of nitrogen fluxes through a mussel bed in mg N m?h™ based on annual means.

pelagic- benthic-
benthic pelagic budget
mgNm?h®* mgNm?*h* mgNm?h?

N-exchange via organisms 73.41 79.43 6.01 release
N-exchange via particles 74.67 0.00 -74.67 uptake
N-exchange via dissolved organic nitrogen
DON 34.82 0.09 -34.72 uptake
N- exchange via dissolved inorganic nitrogen
DIN 33.80 39.35 5.55 release
F Total Exchange 216.70 118.88 -97.83 uptake

iii. Phosphorus exchange in mussel beds

Comparing the uptake and release rates of the different components in a mussel bed it
becomes evident that mussel beds are distinct net sinks for P (Table 4). The reason for the
sink function is the filtering potential of the community for particulate P and the uptake of
dissolved organic P (Asmus et al. 1995). Mytilus edulis in particular contributes to this
process by filtering detritus, bacteria and phytoplankton. However sedimentation is another
important process.

In contrast to particulate P, inorganic P is released from a mussel bed at a net rate of 3.60
mg P m?h™ and has been confirmed by flume experiments (Asmus et al. 1995). The net
release of P via living organisms is low.
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Table 4. Phosphorus budget for intertidal mussel beds (mg P m"zh'l) based on annual means.
Numbers in italics indicate fluxes under the assumption of immediate remineralisation of total faecal
material.

pelagic- benthic-
benthic pelagic budget
mgP m?h* mgPm?*h* mgP m?h*
P-exchange via organisms 5.48 5.79 0.31 release
P-exchange via patrticles 11.92 0.00 -11.92 uptake
P-exchange via dissolved organic phosphorus
DOP 0.73 0.09 -0.64 uptake
P- exchange via dissolved inorganic
phosphorus DIP 2.08 5.68 3.60 release
2.08 6.42 4.34

ZE Tot al Exchange 20.21 11.56 -8.16 uptake

iv. Ecological carbon transfer of mussel beds

Among the benthic communities in the Wadden Sea mussel beds are characterised by high
consumption activity and secondary production per unit of area (Asmus 1987; Prins et al.
1994; 1996). The food requirement by the community exceeds autochthonous primary
production due to the high density of suspension feeders and grazers. This imbalance is
adjusted by the tidal plankton import from outside, by foraging migrations and probably by
shifting to other food resources, i.e. microphytobenthos to juvenile balanids by Littorina
littorea (Buschbaum 2002), or from phytoplankton to suspended detritus by suspension
feeders (Smaal et al. 1986). High consumption rates of extended mussel beds may lead to
diminishing resources within the community. The high accumulation of macrobenthic
biomass attracts an array of predators and results in an increased predation pressure
particularly on juvenile mussels and the associated fauna of mussel beds. The high predation
by birds skims the main part of secondary production of this group.

Biomass of the dominant compartments: Mussel beds reveal the highest total biomass
among the intertidal communities of the Sylt-Remg Bight with 959.2 g C m? A dense
settlement of mussels as well as an extensive cover of macroalgae on top of the mussel
aggregations result in the highest heterotrophic and autotrophic biomass within this
community and within boreal intertidal areas (Table 5). The heterotrophic biomass is
dominated by the biomass of M. edulis which occupy 79.8% of the total biomass and 94% of
the heterotrophic biomass. The share of Fucus vesiculosus in total and autotrophic biomass
is 15% and 99%, respectively.
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Table 5. Biomass and energetics of all compartments in flow networks of the mussel bed subsystem of
the Sylt-Rgmg Bight. Biomass and standing stocks in mg C m™, gross primary production (GPP), net
prigna}ry production (NPP), production (P), respiration (R), egestion (E) and consumption (C) in mg C

m*d.
Mussel bed Biomass GPP NPP Respiration
mgCm? mgCm?d* mgCm?d?

Autotrophic compartments
Microphytobenthos 130.00 98.63 64.41 34.22
Macroalgae (Fucus spp) 146236.00 5279.10 3933.70 1345.40
Total autotrophs 146366.00]  5377.73]  3998.11| 1379.62

Production Respiration Egestion Consumption
Heterotrophic compartments mgC m?d* mgCm?d* mgCm?d* mgC m?d*
Littorina littorea 19337.20 25.40 139.86 239.22 404.48
Capitellidae 1885.00 16.89 43.49 106.87 167.25
Oligochaeta 661.20 1.81 17.65 8.95 28.41
Heteromastus filiformis 806.00 4.42 8.41 56.29 69.11
Gammarus species 840.00 4.68 22.16 7.50 34.40
Mytilus edulis 761770.00 751.30 4132.30 690.00 5573.60
Macoma balthica 498.80 2.20 24.40 21.70 48.30
Balanus crenatus 1856.40 5.62 18.48 3.50 27.60
Semibalanus balanoides 2496.00 7.32 24.00 4.44 35.76
small crustaceans 1170.00 11.13 20.00 6.32 37.43
Carcinus maenas 6370.00 32.27 55.40 88.60 176.27
Crangon crangon 9.20 0.10 0.35 0.10 0.55
Pomatoschistus microps 1.79 0.02 0.04 0.34 0.40
Pomatoschistus minutus 0.47 0.005 0.01 0.16 0.175
Pleuronectes platessa 0.03 0.0002 0.0003 0.0009 0.0014
Merlangius merlangus 0.56 0.00 0.01 0.01 0.03
Gadus. morhua 7.5 0.04 0.12 0.07 0.23
Myoxocephalus scorpio 7.5 0.04 0.12 0.07 0.23
Somateria mollissima 9000.00 24.45 953.51 244.49 1222.45
Haematopus ostralegus 2043.75 7.00 273.15 70.04 350.19
Larus ridibundus 2.29 0.01 0.25 0.06 0.32
Larus canus 2.40 0.01 0.24 0.06 0.31
Larus argentatus 2887.50 7.50 225.00 60.00 292.50
Other birds 6.75 0.01 0.50 0.14 0.65
Sediment bacteria 625.00 121.53 192.60 67.41 381.54
Meiobenthos 500.00 10.96 41.70 19.01 71.67
Total heterotrophs 812785.34 1034.71 6193.74 1695.36 8923.85
Total 959151.34

Primary production:

Gross primary production: About 5378 mg C md™ is produced by the plants of a mussel bed
(Table 5). The main part of this production (98%) is contributed by Fucus vesiculosus, and

microphytobenthos has the balance of 2 %.

Net primary production: Approximately 3998 mg C m?d™ is converted into plant biomass by
primary production, which is about 74% of the gross primary production (Table 5). Grazing
on macroalgae is low; only 5% of the available production is directly consumed by mainly
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crustaceans and most of plant production is stored in the system until winter when storms
rupture the Fucus thalli and export the largest part of the plant production from the system to
the beach. In contrast to grazing on macroalgae grazing on microphytobenthos is immense
due to the high biomass of Littorina littorea in mussel beds. This leads to a shortage of
microphytobenthos production in mussel beds in the order of about 300 mg C m?d™. To
balance this carbon debt, Littorina uses other sources such as juvenile barnacles
(Buschbaum 2002) or migrates from the entire mussel beds to adjacent sand flats during low
tide to graze on microphythobenthos that is more abundant there (pers. observation).

Consumption: Approximately 8924 mg C m?d* is consumed per day by the intertidal
mussel bed. Suspension feeders consume about 5597.8 mg C m?d™* (Table 5). This is 63%
of the total consumption of the community and shows the high dependency of mussel bed on
the overlying water. The consumption exceeds also the production of the phytoplankton over
a mussel bed by 4511 mg C m?d™ and demonstrates that mussel beds in the intertidal area
are only supported with enough food when the tidal water imports rich phytoplankton
biomass produced in the contiguous Wadden Sea or imported from the adjacent North Sea.
The relation between consumption of imported pelagic material to total consumption of
pelagic sources of 0.81 shows a high dependency of pelagic imports. The relation of total
allochthonous food sources to total autochthonous food sources of 1.36 strengthen the
importance of imported food for the mussel bed community. The autochthonous food
consumption must be seen in relation to trophic levels and production of the heterotrophic
organisms. However, the above mentioned ratios for consumption give us a quantitative
parameter for the Aopennesso or ficlosenesso of a

Heterotrophic production: Heterotrophic production of a mussel bed community amounts
to 1035 mg C m™d™. Most of the heterotrophic production is due to the second trophic level
because of the prevalence of M. edulis and Littorina littorea in this system, which depends
mainly on phytoplankton and detritus or microphytobenthos respectively. However,
secondary production is high and reveals the highest values among all investigated intertidal
communities (Asmus 1987). Predation pressure on M. edulis, M. balthica and Carcinus
maenas is very high so that the production rates of these species were exceeded by 910 mg
C m?d*, 93 mg C m?d* and 55 mg C m?d™, respectively (Baird, Asmus & Asmus 2007).
This could be a consequence of the relatively low areal extent of mussel beds which leads
probably to an overexploitation by their predators.

Production to biomass ratio: Mussel beds show a very low production to biomass ratio of
only 0.005 (on a daily basis) which is the lowest P/B- ratio found among the intertidal
communities in the Sylt-Remg Bight (Fig. 7). This is mainly because the main biomass is due
to animals of older age groups showing low individual P/B ratios compared to juvenile
specimens which have larger individual P/B ratios (Baird, Asmus & Asmus 2007)
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Fig. 7. P/B T ratio per day of the dominant intertidal communities of the Sylt-Rgmg Bight.

Respiration: Community respiration of mussel beds amounts to about 7573.36 mg C m2d™
and is exported from the system. This process is considered within the budgets of exchange
processes.

Egestion: Whether community egestion is an exchange process depends on the system and
on the element the ecological transfer is based upon. In mussel beds C-egestion products
like faeces are mainly accumulated between the mussels and lead to elevation of the
community in relation to the adjacent sediment. Thus the egestion is accumulated within the
detritus pool of the community. In total 1763 mg C m?d™ detritus is produced by a mussel
bed (Baird, Asmus & Asmus 2007) (Fig. 8). Most of the egested C (86%) is recycled
especially on the second trophic level.

v. Food web of mussel beds

(1) Trophic analysis of mussel beds
Diversity and biomass of trophic groups: Among the intertidal benthic communities of the
Sylt-Rgmg Bight, mussel beds reveal the highest diversity and biomass especially in
macrobenthic species (Bttger et al. 2008). In mussel beds up to five trophic levels including
the primary production level can be identified. The biomass of secondary producers consists
mainly of M. edulis followed by L. littorea. The food web model constructed here includes 8
species that contribute mainly to this trophic group with biomasses higher than 0.1 g C m™
species. Species other than M. edulis., L. littorea, Capitella, Oligochaeta, Macoma and Jaera
spec. (included in small crustaceans) are using primary producers or detritus only partly as
food but feed mainly at higher trophic levels. Bacteria and meiofauna species also contribute
to the secondary producer level, but their diversity in mussel beds is unknown.
Within the secondary consumers, species diversity is higher and includes crustaceans, fish
and birds. In the food web model 15 species were included with Gammarus locusta and
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Carcinus maenas representing crustaceans, 7 fish species and 5 bird species including
eider ducks, oystercatchers and herring gulls.

The tertiary consumers are mainly represented by predatory fish such as whiting (Merlangius
merlangus), cod (Gadus morhua) and sea-scorpion (Myoxocephalus scorpius). These three
species were included in the model at this trophic level.

The consumers of the fourth level are mainly represented by the above mentioned predatory
fish species feeding to a small degree on smaller specimens at the tertiary consumer level,
even on their own species. In general seals, harbour porpoises and cormorants as well as
terns should also appear partly in this trophic level but were not included because of the lack
of empirical data. It is also unknown whether they prey on the mussel bed community.

Total system throughput (TST): The total system throughput is a measure of system size
and represents the sum of all internal and exogenous inputs to the system compartments.
Mussel beds contribute 41.5% to the daily production on a m? basis of all investigated
intertidal communities (Baird, Asmus & Asmus 2007). They are thus areas of high activity
indicated by the highest amount of C transported along the food web in a given time
compared to the other communities. The total system throughput is estimated to be 33 571
mg C m?d™ (Table 6). The high rates of productivity of Fucus vesiculosus and the high
activity of invertebrate and vertebrate predators are largely responsible for the high TST in
mussel beds (Baird, Asmus & Asmus 2007).

Average path length (APL): The average path length of a food web of a community is a
system descriptor that measures the average number of compartments that a unit of C
passes through from its entry into the system before it leaves it. The APL is expected to be
longer in systems with high degree of flow diversity and cycling (Christensen 1995; Thomas
& Christian 2001). On average a unit of C passes 1.94 compartments before it leaves a
mussel bed (Table 6). This means that short cycles prevail in a mussel bed in spite of the
high flow diversity and the large number of cycles in this system.

Average residence time (ART): Although average path length is short, the material and
energy appear to reside for a much longer time (ART= 84d) in a mussel bed compared to
other systems (range 7 to 55d). The organic material deposited onto the mussel bed
contributes to the long ART calculated for this system. This material is only removed during
strong storms especially those from easterly directions.

Lindeman spine: The relation of production efficiencies between the trophic levels are
shown in Table 6. The energy transfer can be computed by the Lindeman spine, which gives
the food web as a concatenated flux through all trophic levels and allows to determine the
actual number of trophic levels within the community as well as to estimate the energy
transfer, loss and import from outside (Fig. 8). The highest efficiency of energy transfer
among the heterotrophic compartments is in the second level. In the third trophic level
energy transfer is very low with only 3.4% but at the fourth trophic level it increases again to
10%. This is due to better efficiencies of higher level predators such as birds and fish,
compared with predators on lower level such as shore crabs, which may cause a bottleneck
for the energy flow in this community.
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Fig. 8. Lindeman spine of an intertidal mussel bed of the Sylt-Rgmg Bight. The box indicated D refers
to the detrital pool, and the Roman numbers in the boxes of the Spine to discrete trophic levels.
Percent values in Spine boxes refer to the efficiency of energy transfer between the integer trophic
levels. Fluxes are given in mg Cm2d™.

Mean trophic efficiency: The logarithmic mean of the trophic efficiencies of the mussel bed
is the highest (15%) among all intertidal communities investigated (Baird Asmus & Asmus.
2007). Mussels are the main secondary producers and also the main food for predators in
this system. Thus the short food cycle from primary production of phytoplankton to mussels
to birds is a dominating pathway within the food web and is responsible for the high trophic
efficiency of the system.

(2) Structure and magnitude of cycling
The cycling of energy and material is an inherent and universal process in all natural
ecosystems that contribute to their autonomous behaviour. Cycling occurs through a number
of cycles of different path lengths.
Number of cycles: The number of cycles in the mussel beds is 173 (Baird, Asmus & Asmus
2007). Because of the dependency of mussel beds on phytoplankton input from outside the
number of cycles is lower compared to communities were most of the community is based on
detritus or microphytobenthos.
Cycle distribution: In mussel beds 11% of cycling takes place over longer pathways
involving 4 to 6 compartments. Especially the important role of top predators (birds and cod,
whiting and sea-scorpion) is reflected in these comparatively long cycles.
Finn Cycling Index: The amount of material cycled in each system is expressed as a
fraction of the total system throughput in the Finn Cycling Index. The Finn Cycling Index is
lowest in mussel beds. Little material is recycled in the mussel beds because of the high TST
which can be ascribed to the high Fucus vesiculosus production, little utilisation of it and its
subsequent export from this system.
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(3) System level properties and system organization

Development capacity: The development capacity is a measure for the maximum number
of potential fluxes and interactions which can be realized within a system. In the mussel bed
DC is highest compared to other intertidal communities of the Sylt-Rgmg Bight (Table 6).
The development capacity splits up into ascendancy which gives the realized structure of a
system and the system overhead which is the sum of the overheads of import, exports,
respiration and redundancy. The system overhead reflects the reserve strength of a system
to counter perturbations. The higher the overhead of export and import the more dependent
is a system from external sources. In mussel beds about 13% of the system overhead is due
to imports from outside which shows a high dependency from external sources compared to
other communities of the Sylt-Rgmg Bight (range 3% - 9.6%).

Table 6. Global system attributes derived from network analysis for the mussel bed subsystem of the
Sylt-Rgmg Bight. Values reflect results from network analysis where excess production and sediment
POC were not exported from the subsystems. In compartments where predation exceeds production,
no artificial imports were made to balance the compartment.

System Attributes mussel
beds
Trophic efficiency (logarithmic mean, %, Sed POC retained) 14.92
Detrivory (detritus pool to TL2, mg cm2d?, Sed POC retained) 1523
Detrivory:herbivory ratio (D:) 0.3:1
Number of cycles (Sed POC retained) 173
Finn Cycling Index (%) 2.53
Average Path Lenght (APL=TST-Z/Z) 1.94
Ave Res Time (ART; days)(Sum Biomass/Sum Exports, Resp) 83.73
Total System Throughput (mg Cm'Zd'l) 33571
Total System Throughput (tonnesCarea™d™) 12.1
Development Capacity (mg Cm-zd'lbits) 135620
Ascendency (mg Cm-2d-1bits) 67521
Relative Ascendancy (A/DC, %) 49.8
Average Mutual Information (A/TST)(normalized A) 2.01
Average Internal Mutual Information (Ai/TST) 0.91
Overheads on imports (mng-Zd'lbits) 17781
Overheads on exports (mng-Zd'lbits) 2690
Dissipative Overheads (mng-Zd'lbits) 23590
Redundancy (mgCm-2d™bits) 24034
Relative Redundancy (R/DC, %) 17.7
Normalized Redundancy (R/TST) 0.72
Internal Development Capacity (mg Cm-zd'lbits) 54659
Internal Ascendency (mng-Zd'lbits) 30624
Relative Internal Ascendency (Ai/DCi, %) 56.0
Internal Redundancy (mng-Zd'lbits) 24034
Relative Internal Redundancy (Ri/DCi, %) 44.0
Flow Diversity DC (DC/TST, %)( normalized DC) 4.04
Odsum of overheads/TST (+#58) 2.23
Overall connectance 1.55
Intercompartmental connectance 1.78
Foodweb connectance (living compartments only) 1.29
GPP/TST 0.16
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Redundancy: 18% of system overhead is due to redundancy. A system with low redundancy
is considered to be susceptible to external perturbations which may affect the trophic
interactions between system components. Parallel pathways of energy and material transfers
on the other hand can act as a buffer or reserve should external perturbations occur and in
changes in biodiversity. It is postulated that a sustainable system requires a balance
between ascendancy and redundancy. In mussel beds the redundancy to ascendancy
relation is 1:2.7 that shows that redundancy is too low for a sustainable and stable system
probably because of the lack of parallel pathways. If both properties are balanced than the
system can draw activity from the overhead to keep it in operation, but at a less organised
state.

Ascendency: Ascendency measures the efficiency and definitiveness by which energy
transfers are made, whereas the overhead quantifies how inefficient and ambiguous the
system performs on average. Higher indices of ascendancy reflect increased ecological
succession characterised by for example species richness, decreased costs of overheads to
the system, greater internalisation of resources and finer trophic specialisation. 50% of the
development capacity (DC) is realized as ascendancy in intertidal mussel beds which thus
can be interpreted as having well organised functions of energy transfers. The internal
relative ascendency is a function of internal exchanges only. If this ratio decreases compared
with the relative ascendancy, then the system becomes more dependent from external than
internal sources. Although we have seen that mussel beds are largely dependent on external
phytoplankton as food, the internal relative ascendancy increases compared with the relative
ascendancy by 6.2%. The high in situ production of Fucus vesiculosus which uses internally
produced nutrients for growth could explain this increase.

Average mutual information: AMI or normalized ascendancy is highest in the mussel bed
subsystem at 2.01 compared to other communities of the Sylt-Remg Bight. This index is
indicative of the level of inherent organisation and the degree of specialisation. The high TST
of mussel beds are mainly due to F. vesiculosus, which does not contribute much to flow
structure since only few species feed on it. However, the high AMI as well as the high A/DC
or Ai/DCi can be ascribed to an inflated ascendancy, which is enhanced by high system
activity due to the size of flows associated with F. vesiculosus. The low value of the GPP to
TST ratio in mussel beds of 0.16 demonstrates the influence of F. vesiculosus to the system,
once its high system throughput is removed.

Flow diversity: Flow diversity or relative ascendancy measures both the number of
interactions and the eveness of flows in the food web, and is thus a much more dynamic
concept than species diversity. Comparatively higher values of this index indicate an
increase in interactions and a lower degree of unevenness and variability in the flow
structure. In intertidal mussel beds flow diversity is with 4.04 below the mean of all intertidal
communities (4.33). This shows that most material is transported via pathways that are due
to organisms such as Fucus and Mytilus which dominate the biomass of the system and
create in this way an unevenness in flows.
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Connectance indices: The effective number of connections between compartments is
given by 3 connectance indices and is derived from the log averaged number of links
calculated from the system overhead. The overall connectance includes the effect of external
transfers whereas the internal connectance index characterises only internal exchanges,
whereas the food web connectance index refers only to transfers among living compartments
in the system. In mussel beds all 3 connectance indices are lowest compared with the other
benthic communities. Connectance is higher when external sources as well as abiotic
material is included in the considered web. The low food web connectance may be explained
by the dominance of old mussels (storage compartment for C) linked only to the
phytopl ankton compartment and by a comparative
consisting of younger mussels as well as associated fauna which is of less biomass and
linked closely to birds and fish that exert a high predation and export of C from the system.

c. Exchange processes and food web organisation in intertidal seagrass beds
Seagrass beds have many functions such as being habitat, shelter and nursery for juvenile
nekton and benthos species in the Wadden Sea (Asmus & Asmus 2000; Polte & Asmus
2006 a; b; Polte, Schanz & Asmus 2005 a; b). Biomass and production of seagrass
communities is characterised by autotrophic plants and heterotrophic grazing macrobenthic
animals. The high production of seagrasses and their epiphytes make this community
ranking highest with respect to primary productivity among the communities of the intertidal
Sylt-Rgmg Bight. Internal primary productivity of microphytobenthos and seagrasses is
sufficient to support secondary production of the entire community.

Since seagrasses tolerate a relatively broad spectrum of current velocities and water
movement (Widdows et al. 2008), trophic interactions of seagrass beds of different sites are
indirectly or directly determined by hydrodynamics (Schanz & Asmus 2003; Schanz et al.
2000; 2002). In the following chapter exchange processes of seagrass beds will be
considered separately for a sheltered type of seagrass bed with dense vegetative coverage
and an exposed one with scarce plant development.

i. Carbon exchange in dense seagrass beds
Dense seagrass beds are sinks for carbon. The main C-import is via organic particles which
settle among the dense seagrass canopy. Material loss by drifting faeces of associated
animals is too low to compensate for the intake of particles by sedimentation (Table 7).
DIC shows a net uptake by plant assimilation within this system. Respiration processes are
distinctly lower. Thus the system is dependent on import of CO, from outside and this is a
distinct hint that seagrass systems may be limited by dissolved C-components (Beer &
Rehnberg 1997; Zimmerman et al. 1997) (Table 7).
Organisms show a net export of C from the seagrass bed (Table 7). To sustain the living
biomass within the system, productivity is the main regulator. Larval stages with low biomass
enter the system, they grow within the seagrass bed by using the C-resources (e. g.
Moksnes 2002), especially detritus and microphytobenthos, and emigrating after achieving
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larger biomasses or being eaten especially by fish or crabs. Production and export of
organisms is therefore the main counteracting process in a seagrass bed to the prevailing
particle accumulation and CO, assimilation.
Information on exchange of DOC is poor. However, these components may show a low
release which only contribute a little to the total export of C from the dense seagrass bed.
The surplus of assimilated C is stored within the system mainly as refractory organic

substance within the sediment.

Table 7. Budget of carbon exchange processes in dense seagrass beds, based on annual means.

pelagic- benthic- net
benthic pelagic exchange
mgCm?*ht mgCm*h* mgCm~*h’

Carbon budget for organism exchange 267.51 99.31 -168.20 uptake
Carbon budget for particle exchange 261.08 57.29 -203.79 uptake
Carbon budget for DOC 33.36 6.93 -26.43 uptake
Carbon budget for DIC 75.79 57.39 -18.40 uptake
F Tot al 637.75 220.92 -416.82 uptake

ii. Nitrogen exchange in dense seagrass beds

Nitrogen is one of the major nutrients for plants in form of ammonia and nitrate which is
assimilated by seagrasses as well as by microphytobenthos. Seagrasses can cover their
supply of DIN from the water column as well as from the pore water. These two sources are
normally used by the plant at equal parts but it may be dependent also from ammonium and
nitrate availability. In addition to the uptake of dissolved N also particulate N is imported to
the seagrass bed by particle sedimentation and by filtration of organisms.

Comparing the budget of pelagic-benthic with benthic-pelagic flux in dense intertidal
seagrass beds it becomes evident that dense seagrass beds are net sinks for N (Table 8).
Every component of the N-flux seems to be directed to this community. Nitrogen derived
from organismal transport, from particle sedimentation as well as from the uptake of DON
and DIN is accumulating in this community and may be released only during irregular
processes such as storms. But also denitrification in the anoxic parts of the sediment may be
a regulating process to balance the system. The N-exchange is controlled only by few
dominant species in the seagrass bed, especially Zostera noltii and Cerastoderma edule.
The activity of these two species explains already 37.1% of the N-flow into the system.

Table 8. Budget of nitrogen exchange processes in dense seagrass beds, based on annual means.

pelagic- benthic- net
benthic pelagic exchange
mgNm?h? mgNm?h? mgNm?h?
Nitrogen budget for organism exchange 47.03 21.63 -25.40 uptake
Nitrogen budget for particle exchange 17.74 5.70 -12.04 uptake
Nitrogen budget for DON 9.33 0.17 -9.17 uptake
Nitrogen budget for DIN 9.05 5.63 -3.42 uptake
E Tot al 83.15 33.13 -50.02 uptake
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iii. Phosphorus exchange in dense seagrass beds

Comparing the counteracting pelagic-benthic and benthic-pelagic exchanges the uptake
processes prevail for organismic and particle pathways as well as for dissolved organic
phosphorus (Table 9). For dissolved inorganic P the dense seagrass bed is on average a
source. This result was also found regarding the flume results. In the flume the dense
seagrass bed acted as a sink for total P but also for DIP during calm weather situations.
Including stormy days the seagrass bed turned to a source for DIP. The release of DIP is in
contrast to the average uptake of DIN by the seagrass bed. This is a distinct hint that
nitrogen is a limiting factor for the growth of seagrass beds, whereas phosphorus is not.

Table 9. Phosphorus budget for dense seagrass beds in the Sylt-Remg Bight, based on annual
means.

pelagic- benthic- net
benthic pelagic exchange
mgP m?h* mgPm*h* mgPm?h’
Phosphorus budget for organism exchange 2.99 1.40 -1.59 uptake
Phosphorus budget for particle exchange 4.03 1.00 -3.03 uptake
Budget for DOP 0.20 0.002 -0.19 uptake
Budget for DIP 0.48 1.96 1.48 release
F Tot al 7.70 4.36 -3.34 uptake

iv. Ecological carbon transfer of dense seagrass beds

Seagrass beds show a high primary as well as secondary production and biomass. The
dense leaf carpet is a substrate for adhering microbiota, because it enlarges the substrate
surface by up to a factor of 20 (Coutchman 1987). Seagrasses provide shelter for epibenthic
animals such as crustaceans and fish and are a rich nutrition ground for benthic grazers such
as snails. The increased sedimentation within a seagrass bed enriches the community with
detrital components and enables a large guild of detritus feeders to develop. In contrast to
mussel beds seagrass beds show a high primary production that is also used by the entire
community. Even the primary production of the seagrass itself can be used by birds as food
(e.g. brent geese and wigeons). Seagrass beds are less dependent from energy intake from
outside and are based to a high degree on internal cycling.

Abundance, biomass of the dominant compartments: During this study period, dense
seagrass beds occupied an area of 10.77 km? in the Sylt-Remg Bight which represents
about 7.89% of the total intertidal area. The community is ranking high with respect to total
subsystem biomass of 76 020 mg C m™ which consists of autotrophs and heterotrophs
biomass at 31 010 mg C m™? and 45 010 mg C m’, respectively (Table 10).

Among the autrophs the seagrasses Zostera noltii and Z.marina are the characteristic plants
in dense seagrass beds of the Wadden Sea. The species composition varies between years
and the present analysis refers to a situation found in the mid-nineties when most of the
dense beds were composed by Z. noltii mixed with a high percentage of Z.marina. In 2005-
2010 dense seagrass beds are mainly composed of only Z. noltii and this has consequences
to the composition of benthic fauna. Especially Hydrobia ulvae and Carcinus maenas are
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recently more abundant than in the period of investigation. At present the species
composition of benthic macrofauna in dense seagrass beds is more similar to the sparse
seagrass bed of the former times.

Table 10. Biomass, productivity, respiration, egestion and consumption of compartments of the dense
seagrass bed in the Sylt-Remg Bight. Biomass and standing stocks in mg C m™, gross primary

production (1GPP), net primary production (NPP), production, respiration, egestion and consumption in

mgCm?Zd'.
Dense seagrass bed Biomass GPP NPP Respiration

mg C m? mg Cm?*d’ mgCm?d’ mgCm?d*
Microphytobenthos 120.00 972.60 635.11 337.49
Macrophytes 30890.00 846.30 372.37 473.93

Biomass Production Respiration Egestion Consumption

mg C m* mgCm?* mgCm®* mgCm?"* mgCm?d’
Hydrobia ulvae 17475.40 77.50 72.77 509.04 659.31
Arenicola marina 12591.80 64.16 84.00 427.30 575.46
Oligochaeta 162.40 0.45 4.33 2.20 6.98
Heteromastus 87.00 0.48 0.90 6.09 7.47
Cerastoderma 7731.70 33.68 17.92 141.02 192.62
Mya arenaria 759.80 2.50 3.86 1.95 8.31
small polychaetes 208.80 1.14 4.81 1.75 7.70
Tharyx killariensis 226.20 1.23 491 2.50 8.64
Macoma balthica 3294.40 8.30 157.50 143.30 309.10
Phyllodocidae 92.80 0.25 2.74 0.35 3.34
small Crustacea 214.60 0.99 3.55 1.16 5.70
Crangon crangon 31.64 0.35 1.20 0.35 1.90
Nepthys spp. 550.00 5.97 5.70 21.04 32.71
Pomatoschistus microps 13.78 0.13 0.30 2.65 3.09
Pomatoschistus minutus 0.47 0.01 0.01 0.16 0.18
Pleuronectes platessa 0.03 0.00 0.00 0.00 0.00
Platichthys flesus 0.02 0.00 0.01 0.01 0.02
Merlangius merlangus 0.56 0.00 0.01 0.01 0.03
Pluvialis apricaria 3.50 0.01 0.30 0.08 0.39
Calidris canutus 2.95 0.01 0.58 0.15 0.74
Calidris alpina 5.02 0.02 0.64 0.16 0.82
Numenius arquata 5.35 0.01 0.33 0,08 0.42
Larus canus 2.40 0.01 0.24 0.06 0.31
Other birds 6.75 0.01 0.50 0.14 0.65
Anas penelpe 330.35 0.70 21.91 12.17 34.78
Branta bernicla 86.92 0.17 4.35 2.43 6.95
Sediment bacteria 625.00 305.93 192.60 67.41 566.94
Meiobenthos 500.00 10.96 41.70 19.01 71.67

Primary production:

Gross primary production: Gross primary production in dense seagrass beds is 1 818.9 mg C

m? d* sharing into seagrass production and microphytobenthos production with 47% and

53% respectively (Table 10).

Net primary production: 1007.6 mg C m?d™ is converted into plant biomass. This net primary

production is about 55% of the gross productivity and shows that the loss of C by respiration
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of plants is high (Table 10). Plant biomass is heavily grazed by birds for seagrasses and by
macroinvertebrates especially Hydrobia for epiphytes and microphytobenthos. Birds,
especially wigeons and brent geese remove 11% of the net primary production of
seagrasses. Invertebrates remove 99.5% from the net primary production of benthic
microalgae. The efficiency of net primary production is estimated at 42.1%.

Consumption: About 2506 mg C m?d™ is consumed by a dense seagrass bed community
(Table 10). 357 mg C m?d* is taken from the pelagic domain which is 14% of total
consumption of the community. This shows that seagrass beds are less dependent on
pelagic food sources than mussel beds. About 28% of the consumption is due to grazing of
microphytobenthos and another 2% to direct grazing of seagrasses by birds. Detritus feeding
accounts for the main part of consumption with 38%. Predation on heterotrophic animals is
about 18% of the consumption. Therefore the community is dependent at 86% on material
and organisms that are produced within the community and are therefore mainly dependent
on autochthonous energy sources. The ratio of consumption of allochthonous to
autochthonous sources is 0.17 and shows that seagrass beds are quite closed communities.
Heterotrophic production: Heterotrophic production amounts to 515 mg C m?d™ (Table
10). Most of the production appears at the second trophic level. Bacteria, Arenicola marina,
Cerastoderma edule, Hydrobia ulvae and Macoma balthica dominate the heterotrophic
production. 75 mg C m2d™ or 15% of the heterotrophic production is not used by predators of
the community and is thus exported either by migration or drift or is available for changes in
macrobenthic biomass. 86% of the heterotrophic production is consumed within the system
which is a quite high value. Seagrass beds are typical nursery areas for juvenile fish and
crustaceans and therefore are places of intense predation.

Production to biomass ratio: The production to biomass ratio of the dense seagrass bed
subsystem is 0.023 which is higher when compared to mussel beds. This reflects the larger
contribution of smaller and younger animals and the larger importance of plants in this
community (Fig. 7).

Respiration: Community respiration of dense seagrass beds was estimated at 1 439 mg C
m2d™ (Table 10). This is considered among the exchange processes.

Excretion: The rich community of intertidal dense seagrass beds produce a large amount of
faeces in an order of magnitude of 1 362 mg C m?d™* (Table 10). Most of this material can be
resuspended and is therefore considered among the exchange processes.

v. Food web of dense seagrass beds

(1) Trophic analysis
Diversity and biomass of trophic groups: In dense seagrass beds up to five trophic levels
exist including producer and consumer levels. The biomass of secondary producers consists
mainly of Cerastoderma edule followed by Hydrobia ulvae. The present food web includes 13
species contributing to this group. This trophic group can be divided into suspension feeders
and benthic grazers both representing the same percentage of biomass. None of these
species uses living plant material exclusively but also detritus. Small polychaetes, small
crustaceans and M. balthica also feed on higher trophic levels (mainly bacteria). Species
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number of bacteria and meiobenthos is unknown for seagrass beds but they also contribute
to secondary production. Birds have a significant part in biomass of secondary producers by
the contribution of herbivorous brent geese and wigeons.

At the third trophic level 22 species of macrofauna, fish, and bird species are included.
Macrofauna is represented mainly by Nephthys and Crangon. The gobies Pomatoschistus
microps and P. minutus as well as the flatfish Pleuronectes platessa and Plathichthys flesus
are the fish species at the third trophic level (5 species). Mallards, dunlins, golden plover,
common gull and curlew are the dominant birds feeding in dense seagrass beds (5 species).
Macrofauna dominate the biomass of tertiary producers followed by birds and fish.

At the fourth trophic level 10 species mainly consisting of predatory fish and birds contribute
to biomass and production. These are whiting (Merlangius merlangus) in addition to both
flatfish species and the goby P. microps while curlew and common gull represent the
predatory birds.

Total System Throughput: Dense seagrass beds reveal the highest total system
throughput next to mussel beds. 7 566 mg C m™d™ is passing the community in total (Table
11). The high rates of productivity of Zostera nolti and Z. marina as well as
microphytobenthos together with a quite high predation activity due to fish in this system are
the reason for this.

Average path length: Average path length in dense seagrass beds is estimated to 2.48
components per average food cycle which is higher than that of mussel beds (Table 11).
Although food chains with much larger numbers of components occur in mussel beds the
average path length is lower because of the dominance of mussels which cause an uneven
distribution of different branches of material flow. In seagrass beds these food pathways are
less uneven although some short pathways such as that of Zostera and herbivorous birds
are dominant.

Average residence time: Material resides for much shorter time (46.54 d) in the dense
Zostera bed as compared to the mussel beds (Table 11). Seagrass beds show a large input
of organic material from outside which is stored within the community and is to a low degree
resuspended and exported. The animal community consists more of younger animals and
the ecological components show on average a higher turnover of material.

Lindeman spine: The Lindeman spine contracts the total food web into a simple food chain
with discrete trophic levels. From the seagrass bed 6 different trophic levels can be identified
(Fig. 9). The efficiency of energy transfer is highest within the first trophic level with 53.4%.
Among the heterotrophic part of the food web efficiency of energy transfer is highest in the
second trophic level with 20%. The third trophic level has only a very small efficiency with
0.6% but this is doubling in the fourth trophic level. As already observed in mussel beds the
predators on a lower level such as Crangon or Carcinus have lower energy transfer
efficiencies compared to higher level predators such as fish and birds. Predation is negligible
but may be underrepresented because top predators such as gar fish Belone belone occur
frequently over seagrass beds which they prefer as spawning grounds. They have not been
included into the present model because of lack of biomass data on this species.
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Dense seagrass beds
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Fig. 9. Lindeman spine dense seagrass beds. The box indicated D refers to the detrital pool, and the
Roman numbers in the boxes of the Spine to discrete trophic levels. Percent values in Spine boxes
refzerlto the efficiency of energy transfer between the integer trophic levels. Fluxes are given in mg C
m“d.

Mean trophic efficiency: The mean trophic efficiency was estimated to be 5.58% and falls
in the range of efficiencies reported for a seagrass bed with a comparable number of
compartments in Florida (Baird, Asmus & Asmus 2007). Secondary production in dense
seagrass beds is distributed among different macrofaunal species to equal parts thus the
predation on these compartments is not straight by a short connection between the prey-
predator compartments and this probably lowers the mean trophic efficiency of the system.

(2) Structure and magnitude of cycling
Number of cycles: The material within a dense seagrass bed is transported over 195
different cycles (Table 11).
Cycle distribution: Short cycles containing only two or three compartments are transporting
99.63% of the material in a dense seagrass bed. This implies a quick material turnover and
explains also the relatively short residence time of carbon within the system. These short
cycles invariably involve the sediment bacteria, meiobenthos and sediment POC as well as
species that use detritus as well as sediment bacteria as a food source.
Finn Cycling Index: The Finn Cycling Index which gives the amount of material that is
recycled within a dense seagrass bed was estimated to be 24.76% (Table 11). That means
that a quarter of the material that is flowing through the present food web is recycled within
this web. This is a further hint for the separate energy flow of a seagrass bed and for the
relatively independent character of this system from external sources.

(3) System level properties and system organisation
Development capacity: A DC of 35 539 mg C m™d™ bits of intertidal dense seagrass beds
ranges second among the different intertidal communities of the Sylt-Remg Bight (Table 11).
36.7% of the DC is due to ascendancy of the system showing a lower level of organisation
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compared to mussel beds. Most of the system overhead (59%) is due to redundancy of the
system. This gives a higher stability of the system to external perturbations.

Table 11. Global system attributes derived from network analysis for the dense Zostera noltii bed
subsystem of the Sylt-Remg Bight. Values reflect results from network models where excess
production and sediment POC were not exported from the system. No artificial import was made to
balance the compartments.

System Attributes dense Z. noltii
beds
Trophic efficiency (logarithmic mean. %. Sed POC retained) 5.58
Detrivory (detritus pool to TL2. mgCm-2d-1. Sed POC
retained) 1084
Detrivory:herbivory ratio (D:) 1.5:1
Number of cycles (Sed POC retained) 195
Finn Cycling Index (%) 24.76
Average Path Lenght (APL=TST-Z/Z) 2.48
Ave Res Time (ART; days)(Sum Biomass/Sum Exports.
Resp) 46.54
Total System Throughput (mgCm-2d-1) 7566
Total System Throughput (tonnesCarea-1d-1) 81.5
Development Capacity (mgCm-2d-1bits) 35539
Ascendency (mgCm-2d-1bits) 13027
Relative Ascendancy (A/DC. %) 36.7
Average Mutual Information (A/TST)(normalized A) 1.72
Average Internal Mutual Information (Ai/TST) 0.96
Overheads on imports (mgCm-2d-1hits) 3440
Overheads on exports (mgCm-2d-1hits) 12.4
Dissipative Overheads (mgCm-2d-1bits) 5744
Redundancy (mgCm-2d-1bits) 13315
Relative Redundancy (R/DC. %) 375
Normalized Redundancy (R/TST) 1.76
Internal Development Capacity (mgCm-2d-1bits) 20830
Internal Ascendency (mgCm-2d-1bits) 7515
Relative Internal Ascendency (Ai/DCi. %) 36.1
Internal Redundancy (mgCm-2d-1bits) 13315
Relative Internal Redundancy (Ri/DCi. %) 63.9
Flow Diversity DC (DC/TST. %)( normalized DC) 4.70
dsum of overheads/ TST (+#58) 2.92
Overall connectance 2.189
Intercompartmental connectance 2.803
Foodweb connectance (living compartments only) 2.005
GPP/TST 0.24

Redundancy: Redundancy of the present seagrass system is 37.5% of the development
capacity and this is double the value for intertidal mussel beds (Table 11). Seagrass beds
seem to have more parallel cycles which act in a similar way and can thus stabilize the
system. The material flow is not so dependent on only a single species as far as the
heterotrophic part of the food web is considered.
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Ascendency: The ascendancy (A) described the structure and organisation of the system
and gives also some hints of the developmental state and maturity. Ascendency was
estimated at 13 027 mg C m™d™ bits for dense seagrass beds and this shows that this
system is on a much lower organisational level as a mussel bed (Table 11). However this
community exhibits the second highest ascendancy value found among the intertidal
systems of the Sylt-Rgmg Bight. Ascendancy should be seen in relation to development
capacity (DC) of the system and a ratio of 36.7% shows that dense seagrass beds fall at the
lower end of the A/DC ratios among the intertidal systems. This community may not be at a
mature developmental stage or is only in the state of early succession. The comparison
between relative ascendency (A/DC) and relative internal ascendancy (A//DC;)) shows a
decrease of only 0.1% which points to a low dependence of dense seagrass beds on
exogenous material sources.

Average mutual information: The AMI ratio is 1.72 and represents compared to the other
systems a medium level of inherent organisation and specialisation (Table 11). Although
seagrass beds of the Sylt-Rgmg Bight are less dependent on external sources they have not
reached a degree of independence that they can be considered as specialised communities.
Especially intertidal seagrass beds are considered to have a homogenous community which
is only quantitatively different from the adjacent sand or mud flats. This is a strong difference
to subtidal seagrass beds which are often highly specialised and contain many resident
species which are strongly dependent on this community.

Flow diversity: Flow diversity is considered to reflect the variety of interrelations within a
community in a more dynamic way as biodiversity and strengthen their functional aspects
(Table 11). Flow diversity is higher in intertidal seagrass beds compared to mussel beds
because the eveness of flows is higher. Flow diversity is lower as in unvegetated areas
because some fluxes such as those directly dependent on the Zostera plants dominate.
Connectance indices: The difference of overall connectance to intercompartimental
connectance shows that connectance is higher when external sources are excluded from the
food web. The connectance is lower when one only focuses on the interactions within the
living compartments of the system. This reveals on one hand that connectance is mainly
provided within the community and the degree of independence of external sources is high.
On the other hand abiotic compartments such as detritus play a large role for the
connectance of the food web.

vi. Carbon exchange in sparse seagrass beds

Sparse seagrass beds are sources for carbon (Table 12). While in dense seagrass beds the
C-budget is positive by dominating import processes, this is reversed when vegetation cover
is thin. The main C-export is via POC. Particulate C-intake by suspension feeders such as C.
edule and M. balthica is too low to compensate for the particle loss due to currents.

DIC shows a net uptake by plant assimilation within this system. Respiration processes are
distinctly lower. Thus the system is dependent on import of CO, from outside.

Information on exchange of dissolved organic C is poor (Barron & Duarte 2009; van
Engeland et al. 2010). However, this component may show an uptake which hardly
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counteracts the total export of C from the system. The permanent loss of assimilated C is

reflected in the sediment becoming more and more sandy.

Table 12. Carbon budget for a sparse seagrass bed based on annual means.

pelagic- benthic- net
benthic pelagic exchange
mgC m*h* mgCm*h* mgCm*h*
Carbon budget for organism exchange 82.79 75.84 -6.95 uptake
Carbon budget for particle exchange 1.24 80.48 79.24 release
Carbon budget for DOC 44.20 6.27 -37,93 uptake
Carbon budget for DIC 66.97 38.01 -28.96 uptake
F Tot al 195,20 200.60 5,40 release

vii. Nitrogen exchange in sparse seagrass beds

In sparse seagrass beds the biomass of seagrass leaves is only half of that of a dense
seagrass bed (see Tables 10 and 15). Currents and turbulence can reach the sediment
surface of the meadow and also the movement of the floating leaves can induce the
movement of particles and organisms. Thus a sparse seagrass bed acts as a source for
particulate N (Table 13). The assimilation of dissolved inorganic N by plants cannot exceed
the remineralisation processes that occur in the sediments of this seagrass bed. On the other
hand nitrogen shows a net uptake in form of organisms and DON albeit at a low rate.
However, uptake of DON can play a significant role (Vonk et al. 2008).

Table 13. Nitrogen budget for sparse seagrass beds based on annual means.

pelagic- benthic- net
benthic pelagic exchange
mgNm?h* mgNm?h?* mgNm?h*
Nitrogen budget for organism exchange 17.65 16.52 -1.13 uptake
Nitrogen budget for particle exchange 0.12 7.85 7.73 release
Nitrogen budget for DON 1.59 0.63 -0.96 uptake
Nitrogen budget for DIN 8.12 9.63 151 release
F Tot al 27.48 34.62 7.14 release

viii. Phosphorus exchange in sparse seagrass beds

The phosphorus budget of sparse seagrass beds is dominated by release processes such as
the net release of DIP as well as the net release of particles (Table 14). Phosphorus shows a
net uptake for organisms as well as dissolved organic matter but at very low rates. In total,
sparse seagrass beds are sources for P and resemble the behaviour of nitrogen exchange.
The system releases 5.06 mg P m?h™ more than the half (3.01 mg P m? h'')is released as
DIP and 2.64 mgP m?h™ via particles whereas counteracting uptake amounts to

0.1 mg P m?h™ as organisms and 0.31 mg P m?h™ as DOP. This phosphorus budget shows
that the function of a seagrass bed whether it acts as a sink or a source for P is dependent
on the seagrass biomass. If biomass decreases to one half of plant biomass of a dense
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seagrass bed, the sink function is shifting to a source function by release of particles and a
higher release of dissolved phosphate due to remineralisation.

Table 14. Phosphorus budget for a sparse seagrass bed based on annual means.

pelagic- benthic- net
benthic pelagic exchange
mgP m?h* mgPm*h® mgPm?*h*
Phosphorus budget for organism exchange 1.68 1.57 -0.10 uptake
Phosphorus budget for particle exchange 0.03 2.67 2.64 release
Budget for DOP 0.49 0.01 -0.31 uptake
Budget for DIP 0.44 3.45 3.01 release
E Tot al 2.64 7.7 5.06 uptake

ix. Ecological carbon transfer of sparse seagrass beds

Sparse seagrass beds grow mainly on sandy bottoms with higher currents and turbulence of
the tidal water. The reduced biomass of plants compared to dense seagrass beds
characterises sparse seagrass beds as transitional habitats to intertidal sand flats. Species
composition of the macrofauna community is continuously altered due to the decreasing
seagrass biomass in the way that biomass of grazers, fish and predators decrease and
biomass of endobenthic animals increases. At a certain threshold of maximum current
velocity almost no grazers as Hydrobia ulvae are present because these small animals are
easily flushed away (Schanz et al. 2002). However, the present sparse seagrass beds
represent only a status of 50% reduction of seagrass biomass and this allows still a rich
epibenthic community to live among the seagrass leaves. Nevertheless the function of this
seagrass bed has already changed.

Biomass of the dominant compartments: Most of the macrobenthic invertebrate biomass
(35%) is represented by the deposit feeding Arenicola marina and the suspension feeding
bivalve Cerastoderma edule (22%) (Table 15). Grazing mud snails Hydrobia ulvae occupy
27% of macrobenthic biomass. Invertebrate predators such as Carcinus maenas and
Crangon crangon have a lower biomass with only 1%. The remaining 15% of the
macrobenthic biomass is shared between different species of polychaetes, oligochaetes,
crustaceans and molluscs. In total 12 different macroinvertebrate species are regularly found
in sparse seagrass beds.

Fish are dominated by the small goby Pomatoschistus microps which occupies 93% of fish
biomass in this community. Other present fish species are young whiting 4%, sand gobies P.
minutus (3%) and young flat fish (<1%).

Birds are represented by herbivorous wigeons and brent geese that have a share in total bird
biomass of 75% and 20% respectively. Carnivorous birds are of minor importance but are
represented mainly by curlews (1.2%) that feed on juvenile shore crabs and dunlins (1.1%)
feeding mainly upon mud snails.
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Table 15. Biomass, productivity respiration, egestion and consumption of compartments in a sparse
seagrass bed of the Sylt-Remg Bay. Biomass and standing stocks in mg C m? GPP, NPP, P, R, E
and CinmgCm?d™

Sparse seagrass bed Biomass GPP NPP Respiration

mgCm?> mgCm?d' mgCm?d’® mgCm?d’
Microphytobenthos 120.00 901.37 588.59 312.78
Macrophytes (Zostera ) | 14040.00 384.66 169.30 215.41

Biomass  Production  Egestion  Respiration Consumption

mgCm?> mgCm?® mgCm?* mgCm?d’ mgCm?d”
Hydrobia ulvae 7174.60 31.80 509.04 44.82 285.61
Littorina littorea 464.00 2.01 5.70 1.34 9.09
Arenicola marina 9135.00 64.16 427.30 84.00 575.46
Scoloplos armiger 545.20 0.52 10.32 3.96 14.80
Capitellidae 255.20 1.14 14.47 5.90 21.51
Oligochaeta 255.20 0.71 3.44 6.90 11.05
Cerastoderma edule 5805.80 25.33 106.65 9.00 140.98
Mya arenaria 922.20 4.00 2.40 4.70 11.10
Macoma balthica 1194.80 2.90 51.70 60.70 115.30
Phyllodocidae 81.20 0.22 0.31 2.40 2.93
Carcinus maenas 330.00 1.70 4.59 1.18 7.50
Crangon crangon 31.64 0.35 0.35 1.20 1.90
P. microps 13.38 0.13 2.65 0.30 3.09
P minutus 0.47 0.005 0.16 0.10 0.18
Pl platessa 0.03 0.002 0.00 0.00 0.00
Pl flesus 0.02 0.001 0.01 0.01 0.02
M. merlangus 0.56 0.003 0.02 0.01 0.03
Pl apricaria 3.50 0.01 0.08 0.30 0.39
C. canutus 2.95 0.01 0.15 0.58 0.74
C.alpina 5.02 0.02 0.16 0.64 0.82
N.arquata 5.35 0.01 0.08 0.33 0.42
L. ridibundus 2.29 0.01 0.25 0.06 0.32
L. canus 2.40 0.01 0.06 0.24 0.31
other birds 6.75 0.01 0.14 0.50 0.65
A. penelope 330.35 0.7 12.17 21.91 38.08
B. bernicla 86.92 0,17 243 4.35 6.95
Sediment bacteria 625.00 121.53 24.26 69.32 187.22
Meiofauna 1000.00 21.92 38.02 83.4 143.34

Primary production:

Gross primary production: Benthic gross primary productivity is 1286 mg C m?d™.
Microphytobenthos contributes 70% and seagrass 30% to the primary production of sparse
seagrass beds (Table 15).

Net primary production: About 758 mg C m™?d™ is converted into biomass of benthic plants
(59% of gross primary production) (Table 15). Microphytobenthos has the major part of NPP
(78%) and seagrasses have a share of only 22%. Efficiency of net primary production is the
highest among the communities of the Sylt-Remg Bight at 85%. Only microphytobenthos
primary production plays an important direct role within the food web whereas most of the

seagrass production has to be transferred to detritus before it is further used by consumers.
From network analysis we computed that about 16% of NPP of seagrasses is decomposed

to detritus within this system.
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Consumption: Community consumption in sparse seagrass beds reaches a value of
1579.78 mg C m?d™ (Table 15) and is lower compared to dense seagrass beds. Benthic
sources are dominantly consumed by the heterotrophic community of a seagrass bed. From
the available carbon sources more than one third each is consumed in form of sediment
particulate organic matter and microphytobenthos whereas pelagic sources such as
phytoplankton and suspended POC contribute only 13% to the community consumption.
Only 1% of consumed C flows to predators such as predatory invertebrates, fish and birds.
Also in sparse seagrass beds the seagrass itself plays only a negligible role as food source.
Only 3% of the consumption is based on seagrass material which is mainly due to
herbivorous birds.

Heterotrophic production: Animals and bacteria together produce up to 279 mg C m?d*
(Table 15). Bacterial production contributes 34% followed by benthic grazers at 20% and
deposit feeders at 12%, whereas suspension feeders have a share of only 11% in
heterotrophic production. More than 70% of the production in sparse seagrass beds is thus
based upon benthic carbon sources. However, seagrass itself contributes directly only at
0.02% to the heterotrophic production of the system. A larger amount of seagrass may be
available to the food web after decomposition as detritus.

Total subsystem production: Although seagrass production is lowered and heterotrophic
production is only half of that of dense seagrass beds, total system production ranges high
among the different intertidal communities. About 73% of the total subsystem production is
due to primary production indicating that sparse seagrass beds tend to be mainly autotrophic
communities. The total community produces 4.9 t C per day and thus contributes at 3.8% to
the total production of the intertidal area of the Sylt-Remg Bay.

Production to biomass ratio: Although the autotrophic biomass in sparse seagrass beds is
much lower than in dense seagrass beds, the heterotrophic biomass is in a similar range and
thus the P/B ration of both communities ranges around 0.02 (Fig. 7). The P/B value of
seagrass beds is one of the lowest among the intertidal communities of the Sylt-Remg Bight
but is in a comparable range with other estuaries and coastal systems.

Respiration: About 936 mg C m?d™ is lost from the system by respiration processes (Table
15). This is 73% of the total carbon entering the system by gross primary production.
Community respiration is dominated by plant respiration whereas heterotrophic components
only contribute by 44%. Plant respiration is dominated by microphytobenthos respiration.
Bacteria have a share of only 7.5% in community respiration of sparse seagrass beds.
Egestion: Approximately 1392 mg C m?d™” is egested by the sparse seagrass community
and is transferred to the detritus pool (Fig. 10). About 10% of this material is produced by the
seagrass itself. In sparse seagrass beds the hydrodynamic activity is high and therefore this
material does not accumulate in the sediment but is exported.
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X. Food web of sparse seagrass beds

(1) Trophic analysis
The food web of the sparse seagrass beds includes bacterial and plant components as well
as vertebrates such as fish and birds. Especially herbivorous birds are a dominant feature of
seagrass beds and the high amount of epibenthic crustaceans and fish such as gobies
contribute to the special character of this community.
Diversity and biomass of trophic groups: About 6 trophic levels have been distinguished
in sparse seagrass beds. Biomass of primary consumers is less than in dense seagrass
beds but consists of 13 species and thus has a comparable diversity. Hydrobia ulvae is the
dominant secondary producer followed by Cerastoderma edule and Macoma balthica and
some endobenthic polychaetes such as Arenicola marina and Scoloplos intertidalis. Wigeons
and brent geese are also present.
Secondary consumers reach a higher diversity compared to dense seagrass beds especially
due to the higher number of birds. In total 24 species build the third trophic level including 8
species of birds. Macrofauna is dominating biomass and production at the second and third
trophic levels. At the fourth trophic level 4 fish and 4 bird species contribute to the carbon
flow.
Total system throughput: TST in sparse seagrass beds is lower than that of dense
seagrass beds and mussel beds: 5639 mg C m™d™ passes this community (Table 16). This
characterises the community as having a quite high functional and trophic activity. The high
rates of productivity of Zostera plants and microphytobenthos and the high invertebrate and
vertebrate grazing are responsible for the high TST.
Average path length: APL within the food web of a sparse Zostera bed is quite low as found
for most intertidal communities of the Sylt-Rgmg Bight (Table 16). However, among these
communities carbon is transported over relatively more steps compared to mussel beds and
intertidal sand flats. This may be the result of a slightly higher flow diversity of sparse
seagrass beds compared to the total intertidal area of the Sylt-Rgmg Bight.
Average residence time: Compared to most communities the average residence time of a
just imported carbon atom within a sparse seagrass bed system is surprisingly high at 56
days. This is only surpassed by the residence time for carbon within intertidal mussel beds
(84d). The intense primary production of seagrass beds reveal an effective storage
compartment and thus retard a quick passage.
Lindeman spine: Import of carbon into sparse seagrass beds is similar to that in bare sand
or mudflats, but very much lower then that of dense seagrass beds. Comparable to most
benthic communities within the Sylt-Remg Bight 6 different trophic levels could be
distinguished (Fig. 10), whereas the 5™ and 6™ trophic level is rather insignificant for the
energy flow of the system.
The highest efficiency of trophic transfer is measured in the first trophic level at 52.9 % and
this is only insignificantly lower as the trophic efficiency of dense seagrass beds. Trophic
efficiency decreases as the trophic level increases. At the second trophic level 22.1% of the
accumulated carbon is transferred to production but among the predator guild (3™ and 4"
level) trophic efficiency rapidly decreases to only 0.7-0.8%. The main difference between the
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Lindeman spines of both types of seagrass beds are the lower gross primary production in
sparse seagrass beds which results in a decreased production of plant detritus. The detritus
pool of this community has only a lowered input from outside and also detritus is used by
primary consumers to a much lower degree compared to dense seagrass beds. Interestingly
the export of carbon is higher in sparse than in dense seagrass beds, thereby this increased
exports are mostly due to the predator level.

Fig. 10. Lindeman spine of sparse seagrass beds of the Sylt-Rgmg Bight. The box indicated D refers
to the detrital pool, and the Roman numbers in the boxes of the Spine to discrete trophic levels.
Percent values in Spine boxes refer to the efficiency of energy transfer between the integer trophic
levels. Fluxes are given in mg Cm2d™.

Mean trophic efficiency: With a value of 5.06% it is slightly lower than that of dense
seagrass beds but higher than that of exposed sand flats. The value falls within the range
reported for seagrass beds in Florida USA (Baird et al. 1998).

(2) Structure and magnitude of cycling
Number of cycles: The material flowing through a seagrass bed is cycled over 113 different
cycles (Table 16).
Cycle distribution: Most of the material (59.4%) is transported over short cycles at only 2
elements. A similar dominance of short cycles with only 2 elements could be observed in
sandy shoals and sandy beaches at 60.2% and at 87.1%, respectively, whereas in dense
seagrass beds most of the material is cycled over cycles with 3 elements. The dominance of
short cycles with only 2 elements could be a characteristic for exposed communities.
Finn Cycling Index: The FC index of sparse seagrass beds of 22.6% is between the low FC
index of sandy communities of 16.2 - 20.3% and that of muddy communities ranging from
24.76 7 27.53%. Thus, sparse seagrass beds are transitional regions between sand flats and
mud flats where recycling of material plays obviously a larger role.
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