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ABSTRACT: The intertidal area of the Sylt-Romo Bight was divided into 8 benthic and 1 pelagic sub-
systems according to habitat nature and the unique biodiversity of each. A quantitative food web net-
work was constructed for each of the subsystems. Each flow model consists of 56 living and 3 nonliv-
ing compartments and depicts the biomass of each, a balanced energy budget for each of the living
components, and the flow of energy and material between all compartments. These models were
analysed by means of network analysis that revealed a considerable amount of variability between
them in terms of system properties such as total system throughput (TST), development capacity,
ascendency and redundancy, and a number of dimensionless ratios used in comparative systems
ecology. Mussel beds stood out as the most productive subsystem at 5095 mgC nr2d_1, with a high
TST of 33571 mgC nr2d_1. The amount of material recycled in each of the systems ranged from a
high of 28% in the muddy sand flats to a low of 2.5% in the mussel beds, while the efficiency of
energy transfer in the various systems fluctuated from a low of 3.3 % in the sandy shoals to a high of
15% in the mussel beds. Mussel beds are highly specialized in terms of ascendancy and average
mutual information in comparison with the other subsystems, but have less resilience. Most of the
systems showed ratios between 0.8 and 1.4 for the 2 mutually exclusive system attributes of ascen-
dency and redundancy. Relative redundancy indices calculated for the pelagic and mussel bed
subsystems are low, indicating less organized systems with less resistance to disturbance.

KEY WORDS: Food webs * Network analysis ¢ Spatial variability * Ecosystem attributes * Coastal
ecosystems *German Wadden Sea
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INTRODUCTION

Many studies on the structure and function of
marine and coastal ecosystems based on the analysis
of quantitative food webs have been published. Most
of these used network analysis, a set of algorithms
derived from input-output analysis, trophic and cycle
analysis, and the computation of system level proper-
ties based on information theory and that reflect the
complexity of organization of the system. Some of the
parameters are (1) the total system throughput (or
TST, which is the sum of all flows through the system
and an indication of the activity of the system); (2)
ascendency (or A, which is a measure of how well a
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system is performing and incorporates both the size
and organization of flows, and is the product of TST
and the average mutual information inherent in the
network); (3) development capacity (or DC, which is
the product of TST and the flow diversity, and is con-
sidered to be the upper limit of Ascendency); (4) sys-
tem overhead (or 0, which is numerically represented
by the difference of DC-A, and which represents the
cost to the system to operate the way it does); and (5)
flow diversity (defined as DC/TST, which encom-
passes both the numbers and of interactions and
evenness of flows in the food web network). Results
from the analysis of flow networks of ecosystems pro-
vide information that can be used to approach envi-
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ronmental problems at the level of the whole eco-
system (NSF 1999, Ulanowicz 2004), and can fruitfully
be used to compare ecosystems on spatial and tem-
poral scales.

Comparisons of trophic structure and system dynam-
ics range from studies on small spatial scales of sam-
pling sites within a Halodule wrightii seagrass ecosys-
tem in Florida (Baird et al. 1998) to studies of estuaries
in relatively close proximity (Baird & Ulanowicz 1993,
Monaco & Ulanowicz 1997, Scharler & Baird 2005), to
the comparison of ecosystem flow networks and sys-
tem attributes on a global scale (cf. Baird et al. 1991,
Christensen 1995). Intersystem comparison is compli-
cated by the fundamental differences in the nature of
the food webs, and/or by inconsistencies in the topo-
logies of the systems (Christian et al. 2005). Several
attempts, however, have been made to base intersys-
tem comparisons of flow networks containing, for
example, the same flow currency (e.g. C or N), similar
degree of aggregation (i.e. number of compartments)
and comparable trophic guilds (e.g. suspension feed-
ers, benthic feeding fish, carnivorous birds) (cf. Baird
et al. 1991, Christensen 1995, Monaco & Ulanowicz
1997, Baird et al. 2004a, Scharler & Baird 2005).
Thomas & Christian (2001) presented results derived
from ecological network analysis (ENA) to assess
potential changes in nitrogen cycling from nitrogen
networks of 3 zones identified in each of 3 different salt
marshes along the East Coast of the continental USA.
The marshes were divided into different zones that
reflected different communities and environmental
conditions, although they were not physically sepa-
rated. Few other studies have been conducted to
assess system function on such small spatial scales.
Network analysis, thus, provides valuable information
on the fundamental functioning of an ecosystem (Wulff
et al. 1989, Ulanowicz 2003, Baird et al. 2004b), while
the comparison of ecosystems on spatial and temporal
scales contributes to our knowledge of both basic ecol-
ogy and the management of the environment (Christ-
ian et al. 2005). Patten (1978, 1985) and co-workers
developed a slightly different approach to network
analysis called 'environ analysis' to demonstrate the
influence of indirect flows in a system. This approach
to ecosystem analysis is reviewed by Fath & Patten
(1999). The basic theoretical concepts of ecological
network analysis and its application are given by
Ulanowicz (2004) and Wulff et al. (1989).

Baird et al. (2004a) provided a detailed analysis of
energy flow in the Sylt-Romo Bight, a large, shallow
tidal ecosystem in the German Wadden Sea. They
reported on the standing stocks and the interactions
between 56 living and 3 nonliving components of the
intertidal region of the system, as well as on system
attributes derived from ENA. They concluded that,

based on the analytical results of ENA, the Bight as a
whole is a complex system whose energy pathways
appear to be sensitive to perturbations. Baird et al.
(2004a) and others (Asmus et al. 1998, Asmus & Asmus
2005) pointed out that the intertidal Bight is character-
ized by a mosaic of spatially segregated intertidal
habitats associated with different plant and animal
communities, and that the biodiversity, distribution
and abundance of species, and the rates of production
and energy consumption of prey and predator species
could vary considerably between them. The objectives
of this paper are to examine the differences and simi-
larities among these interlinked intertidal habitats at
the system level.

The intertidal regions of the Bight ecosystem have
been subdivided into 8 habitats, or subsystems, based on
the species composition of each (Asmus & Asmus 2005)
and sediment characteristics (cf. Gitje & Reise 1998). In
this study we first constructed a quantitative food web for
each ofthe § intertidal plant and animal communities as
well as one for the overlying water body. Each of the flow
networks illustrates the standing stocks of communities
and species, energy uptake, respiration and transfers
between the living and nonliving components by each
component in each of the subsystems. Second, we
assessed indices of functional processes (such as cycling
of material and trophic efficiencies) and system level
properties (such as TST, ascendency, average mutual
information and flow diversity) for each of the subsys-
tems from network analysis. Finally, we compared these
results derived from network analysis among the 9 sub-
systems and commented on the variability in system
properties between them and on their sensitivity to
perturbations.

MATERIALS AND METHODS

Study area. The Sylt-Romo Bight (54° 52" to 55° 10" N,
8°20' to 8°40' E) forms part of the Wadden Sea, a shal-
low coastal region of the North Sea stretching from the
Netherlands to Denmark. The Bight is a semi-enclosed
basin between the islands of Sylt, Germany, and Romo,
Denmark, and is connected to the North Sea by a
2.8 km wide channel (Fig. 1). The Bight has an aerial
surface of 404 km2 with an intertidal area of about
135 km2. The average water temperature in the Bight
varies from 5.3°C in winter (October to March) to
13.7°C in summer (April to September) and the salinity
between 28 and 32. Little freshwater is discharged into
the Bight so that salinity variability is mainly due to
precipitation and evaporation. The average depth of
the Bight is approximately 4.2 m at high tide, while
the tidal range is on average 2 m. The water residence
time in the Bight is between 19 and 29 d.
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Different plant and animal communities
are associated with different habitat types
occurring in the intertidal area of the
Bight, while the remaining subtidal area

Mussel beds

. . Z. noltii beds
of about 270 km2 c.0n51sts mainly of a Sparse+dense
sandy' substrate, which is rather poor in Romo
benthic macrofauna (Asmus & Asmus
1998). The intertidal region comprises 8 Arenicola flats
habitat types, each with its own character- ama dyb
istic biotic community composition. These
habitat types and the area they cover Muddy sands

ister Tief

are given in Table 1 (cf. Asmus & Asmus
2005), while their spatial locations are Mud
shown in Fig. 1. The various habitat types,
or intertidal subsystems, are contiguous,
but nevertheless separated by the nature
of the substrate of each and by its charac-
teristic species composition. The different

Sandy shoals

Sandy beaches
subsystems were named according to
either the dominant species (e.g. mussel
beds, where the mussel, Mytilus edulis,
predominates; Arenicola flats where the

Shallow subtidal area
<5 m below MHTL
the lugworm, Arenicola, predominates; or

Z. noltii beds where the dominant macro- Deep subtidal area

>5 m below MHTL

phytic species, the dwarf seagrass Zostera
noltii, predominates) or to typical sub-
strate types (e.g. mud flats, a mixture of
mud and sand, sandy shoals and sandy
beaches). Each subsystem differs sub-
stantially in species composition, standing
stocks and productivity of the constituent
species and in habitat structure so that their rec-
ognition and treatment as different subsystems of the
intertidal Bight is justified.

Data base. A food web model was constructed for
each of the 8 habitat and community types. In addition,
the overlying water body, covering all subsystems at
high tide and between which energy and material is
exchanged, was treated as the 9th subsystem and
named the pelagic domain. It covers an area of
135 km?2, i.e. the sum of the areas of the 8 benthic sub-
systems with an average tidal prism 66 x I06m3 (calcu-
lated after Backhaus et al. [1998] in Gitje & Reise
[1998]). An appropriate food web model was also con-
structed for this pelagic subsystem. Each model con-
sisted of 56 living and 3 nonliving compartments and
depicts the standing stock (or biomass) of each com-
partment, as well as the flow of energy and material
between the model compartments. Not all species
occurred in all of the subsystems, and neither did they
occur at the same levels of abundance if they did occur
in more than one habitat. To maintain the model con-
figuration of 59 compartments throughout the analyti-
cal procedures, miniscule amounts (1 x 10~5mgC nr2)
were entered as biomass imports and exports for those

Germany

Fig. 1. The Sylt-Romo Bight and the spatial positions and extent of the 8

intertidal subsystems. Z.noltii = Zostera noltii

compartments not present in field samples from the
various subsystems. These small entries had no effect
on the output results of network analysis (Baird et al.
1998, 2004b). The data on community composition,
standing stocks, rate of production, energy require-
ments and diet composition of the various compart-
ments used in these network models were obtained
from the most recent published papers and unpub-
lished information (deposited at the Alfred Wegener
Institute for Polar and Marine Research [AWI]). No
stocks or rates of flow were derived from modelling,
but are based on the sources cited in the text. The
aerial extent, species diversity and their abundance in
each of the 9 subsystems were studied over many
years, and the configuration and dynamics of each of
these are based upon results from these studies.

The concentrations and standing stocks of the non-
living compartments, i.e. suspended particulate organic
carbon (suspended POC), dissolved organic carbon
(DOC) in the water column subsystem (or the pelagic
domain), and sediment particulate organic carbon
(SedPOC) of all the habitats were obtained from
Asmus & Asmus (1993, 1998, 2000). Data on biomass of
pelagic free living bacteria and sediment bacteria in
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Table 1. General system attributes of each of the subsystems of the Sylt-Romo Bight

Attribute Pelagic Mussel  Arenicola
domain beds flats

Habitat area (km2) 135 0.36 90.99
(% of total area in parentheses)  (100) (0.27) (67.4)

Total biomass (mgC m 2) 1061.0 954798.9  28606.3

Total biomass autotrophs 1040.0 146366.0 130.0
(mgCm 2)

Net primary production 247.3 3998.2 647.6
(NPP, mgCnr2d"l)

Total biomass heterothrophs 21.0 808432.9 28476.3
(mgCm 2)

Total heterotrophic production 77.6 1097.6 271.1
(mgCm 2d ¥

Total subsystem production 3249 5095.8 918.7
(mgCm 2d ¥

Percent production of intertidal 41.5 7.5
subsystems per m2

Total subsystem production 43.9 1.8 83.6

per area (tC)
Percent production of intertidal 1.4 65.1
subsystems per area
P/B d of subsystem 0.306 0.005 0.032
NPP efficiency (%) 26.9 16.9 223

all the subsystems were obtained from Kirchman et al.
(1986) and Rusch et al. (2001). The biomass, rates of
gross primary production (GPP) and net primary pro-
duction (NPP) of the 3 primary producer communities,
namely phytoplankton, microphytobenthos and macro-
phytes (Zostera noltii and Fucus vesiculosus) as they
occur in the different subsystems are given by Asmus
& Bauerfeind (1994) and in Gétje & Reise (1998). Aver-
age annual biomass estimates for the various macro-
faunal and fish species and communities were ex-
tracted from the published literature (cf. Asmus 1987,
1994, Asmus & Asmus 1990, 1993, 1998, 2005, Gitje
& Reise 1998) and from unpublished information (H.
Asmus unpupl. data). Bird numbers were obtained
from Scheiffarth & Nehls (1997) and their feeding
behaviour and energy uptake in the various habitats
from Nehls et al. (1997), Scheiffarth (2001) and Scheif-
farth et al. (2002).

Network construction. Input data required for net-
work analysis requires information on the standing
stock of each compartment and flows between the
compartments within the ecosystem, as well as ex-
ternal inputs to and exports from it. The flow network,
or food web, of each subsystem consisted of 56 living
and 3 nonliving compartments respectively (the living
compartments are sequentially numbered from 1to 56,
and the nonliving ones from 57 to 59 (see Appendix I
MEPS Electronic Supplement at www.int-res.com/
journals/suppl/m351p025 appl.pdf). Biomass of the
compartments are given in mgC nr2 and export,
imports and flows between them in mgC nr2d-1.

Zostera noltii Mud Muddy Sandy Sandy
flats sand flats shoals beaches
Sparse Dense
4.76 10.77 3.85 13.25 3.7 7.32
(7.89) (3.25) (2.85) (9.81) (2.74) (5.42)
52654.1 65631.9  23285.0 40937.3 9564.3 7222.3
14160.0  31010.0 120.0 130.0 130.0 270.0
757.8 1007.6 635.2 635.2 647.7 588.7
38581.0  34708.9  23165.0 40807.3 9434.3 6952.3
279.9 514.9 355.1 539.4 186.7 130.3
1037.7 1522.5 990.3 1174.6 834.4 719.0
8.4 12.4 8.1 9.6 6.8 5.8
4.9 13.9 34 12.5 3.0 53
3.8 10.8 2.6 9.7 2.3 4.1
0.020 0.023 0.043 0.020 0.080 0.100
85.0 42.1 65.0 66.9 11.7 13.9

Each living compartment identified in each of the
subsystems was balanced in terms of energy uptake
and energy dissipation (or respiration), growth and
egestion. For the 3 primary producer compartments
(phytoplankton, microphytobenthos and macroalgae)
GPP was assumed equal to NPP and respiration. The
values of GPP for the various primary producers were
considered as energy inputs into the subsystems. Exu-
dation by aquatic plants is considered to be an impor-
tant source of DOC in aquatic ecosystems (Valiela
1995). Vegter & de Visscher (1984) and Valiela (1995)
reported that about 25% of the net photosynthate of
phytoplankton was released as DOC to the water col-
umn, and about 2% for macroalgae and secagrasses
(Sieburth &Jensen 1969, Brylinsksy 1977, Kirchman et
al. 1986, Valiela 1995). Exuded DOC from macrophyte
beds was considered as input to the pelagic subsystem
where it was utilized by free living bacteria, whilst the
excess was exported to the rest of the Bight.

Energy budgets were constructed for each of the
heterotrophic compartments according to the balanced
energy equation where energy uptake (or consump-
tion, C) equals respiration (R), egesta (E), and sec-
ondary production (P). Rates of consumption, respira-
tion and production were obtained from the literature
or calculated using appropriate ecological efficiencies
such as P/B, P/C, R/B and P/R ratios where B = bio-
mass. The determination and literature sources of the
energetics of most of the plant and animal species (or
communities such as Zooplankton) occurring in the
Bight are given in detail by Baird et al. (2004a).
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Diet composition for each component was derived
from the synthesis of published literature and local
expert knowledge (Ehlert 1964, Jacobsen 1967,
Fenchel & Koefoed 1976, de Vlas 1979, Fauchald &
Jumars 1979, Jensen & Siegismund 1980, Heip et al.
1984, Pihl & Rosenberg 1984, Pihl 1985, Zwarts &
Blomert 1992, Baird et al. 2004a, Asmus & Asmus 2005,
and sources in Gitje & Reise 1998). The diet composi-
tions of the individual species that occur in the various
subsystems were compiled by H. Asmus (unpubl. data)
and based on published literature and unpublished
data residing at the AWI in List, Sylt, Germany.

Each of the subsystems was assumed to represent a
steady-state condition in the sense that the inputs (GPP,
or consumption C) in each of the living components of
the networks were balanced by corresponding outputs
(i.e. respiration and NPP for autotrophs, and E+ R + P
for heterotrophs). This assumption implies that the
ecosystem as a whole also occurs in a steady state and
assumes the underlying principle of the conservation of
mass, namely that total inputs are balanced by total
outputs. The mass-balancing of trophic networks, how-
ever, has its limitations and weaknesses (Menge 1995,
Baird et al. 2004b), and we present results from net-
work analysis based on non-steady states in 6 of the 9
subsystems. The reasons for these non-equilibrium net-
works are based on first where predator demand ex-
ceeds prey production. We assumed in such cases that
predators will feed off the remaining biomass or switch
to other prey, and we, thus, did not 'import' additional
prey biomass to balance those specific living compart-
ments namely #7, 19, 24 and 27 in the mussel beds, and
#6 in the mudflat subsystem. Second, nonliving com-
partments, specifically sediment POC, can at times re-
sult in large imbalances between sediment POC inputs
and its utilization. Excess sediment POC, which nor-
mally consists of benthic egestion and mortality (or ex-
cess production) and non-utilized dead plants, is usu-
ally exported from a system to balance the in situ
production of this material. We retained benthic eges-
tion and organismal mortality, i.e. as sediment POC,
within the systems based on observation and ecological
sense. Thus, we did not attempt to balance the
Sediment POC compartments in all of the subsystems,
with the exception of the sandy shoals and sandy beach
subsystems, where water movements are known to re-
move excess material (Asmus & Asmus 1998). However,
imports of, for example, phytoplankton from the pelagic
domain to other subsystems, such as the mussel bed
subsystem, as food for suspension feeders were un-
avoidable, but reflect the true ecological situation.

Excess production and egestion by water column
organisms (bacteria, Zooplankton) were assumed to
remain in suspension as POC. Egesta of benthic inverte-
brates, fish and birds, and all unused production of the

benthos, were assumed to become sediment POC, which
was considered as the energy source for benthic bacte-
ria. Bird production and excess fish production was ex-
ported from the various subsystems. Excess Fucus vesi-
culosus production on the mussel bed was also exported,
as ithas been observed to occur regularly. This material
eventually ends up on the sandy beaches from where it
is either buried in the supratidal fringe or is again ex-
ported out of the bight by tidal currents. Shortfalls in
phytoplankton and suspended POC were imported from
the adjacent Wadden Sea where the production and con-
centration of these components are respectively higher
than over the intertidal benthic subsystems.

The data required for network analysis to be per-
formed were prepared in the recommended scientific
Committee for Oceanographic Research (SCOR) for-
mat. The 9 data files each contain the average annual
standing stock or biomass of each of the 59 compart-
ments, imports to and exports from each compartment
where applicable, respiration values for each of the
living components, and quantified flows between the
compartments in each subsystem.

Compartments are numbered in the text preceded by
#. These input data files are available in Appendix 2 at:
www.int-res.com/journals/suppl/m351p025_app2/.

Network analysis. Network analysis routines were
used to assess the structure and function of the 9
subsystems of the Sylt-Romo Bight. The methodology
of network analysis is described in detail by Wulff et al.
(1989), while Ulanowicz (2004) reviewed the quantita-
tive methods used in ecological network analysis
(ENA), which consists essentially of methods for the
systematic assessment of ecological flow networks and
computes various functional indices and system prop-
erties of natural ecosystems. The software package
NETWRK 4.2a (Ulanowicz & Kay 1991) was used to
perform the analyses and a broad overview of the kind
of analyses executed by this package is briefly
described below.

1. The Lindeman Trophic Analysis transforms each
complex network of trophic web into a linear food
chain with discrete integer trophic levels, i.e. the
Lindeman Spine (Ulanowicz 1986). The Lindeman
Spine shows the amount of carbon, or energy, each
trophic level receives from the preceding one as
well as the amount leaving each level through respi-
ration, export, returns to the detrital pool and the
net production passed on to the next higher trophic
level. The apportionment of species or trophic
guilds to discrete trophic levels is described in
Ulanowicz & Kemp (1979) and Ulanowicz (2004).
Primary producers and detritus together form the
first trophic level, and all herbivorous feeding and
the use of nonliving detritus forms the second level.
The Lindeman Spine allows the calculation of the
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efficiency of energy transfer from one level to the
next, as well as the trophic efficiency computed as
the logarithmic mean of the entire system over all
integer trophic levels (Baird & Ulanowicz 1989).

2. The biogeochemical routine of NETWRK4.2a as-
sesses the structure and magnitude of cycling within
the system. Results from this analysis yields the Finn
Cycling Index (FCI), which represents the fraction
of flow in a system that is recycled (Finn 1976). The
FCI is derived from the ratio Tc/TST, where TST
equals the total system throughput (i.e. the sum of
all flows in the system) and Tc the amount devoted
to cycling. The FCl is a measure of the retentiveness
of a system (Baird et al. 2004b); the higher the FCI,
the greater the proportion of TST recycled. This rou-
tine also describes the structure of biogeochemical
cycling through the identification and enumeration
of all internal cycles in the network. The cycle distri-
bution displays the amount of energy that flows
through cycles of various lengths, i.e. the series
of transfers between compartments beginning and
ending in the same compartment without going
through any compartment twice.

3. 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 before it leaves it. The APL is defined
by (TST-Z)/Z, where TST is the total system through-
put (see 5) and where Z equals the sum of all exoge-
nous inputs (Finn 1976, Baird et al. 1991). The aver-
age path length is expected to be higher in systems
with high degrees of flow diversity and cycling
(Christensen 1995, Thomas & Christian 2001).

4. 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). It is a measure of the time
elapsed between a unit of energy entering the sys-
tem and leaving it again.

5. Various global system indices, based on information
theory, describe the developmental and organiza-
tional state ofthe ecosystem (Ulanowicz 1986, 2004).
The TST measures the extent of the total activity of
the system, and is calculated as the sum of all the
flows through all compartments. The TST can be con-
sidered as a surrogate for the total power generated
within the system (Baird et al. 1998). The system as-
cendency (A), which is a single measure of the magni-
tude and diversity of flows between compartments,
thus reflects on the functional attributes of the system.
It incorporates both the size and organization of flows
into a single index, and is formally expressed as the
product of TST and the average mutual information
(AMI) inherent in the flow network (Morris et al.
2005). The AMI index, or normalized ascendency, is

indicative of the developmental status of the ecosys-
tem and, thus, of its inherent organization, i.e. the
degree of specialization of flows in the network
(Ulanowicz 2004). Complex trophic structure and
high system productivity enhance ascendency. The
development capacity (DC) measures the potential for

a system to develop and is the natural upper limit of A.

The total system overheads (i.e. overheads on im-

ports, exports and dissipation) and redundancy (i.e. a

measure of the uncertainty associated with the pres-

ence of multiple or parallel pathways among the com-

ponents of the network [Ulanowicz & Norden 1990])

are numerically represented by the difference of

DC-A, and represents that fraction of the DC that

does not appear to be as organized structure (Bondini

& Bondavalli 2002). The magnitudes of the imports

and exports reflect the self-reliance of a system, i.e.

the higher these values, the more dependent the sys-

tem becomes on external exchanges. 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, however, can act as a buffer or reserve
should external perturbations occur and in changes in
biodiversity. Itis postulated that a sustainable system
requires a balance between ascendency and redun-
dancy. Should a perturbation occur, the system can
draw from the overhead to keep it in operation, but in

a less organized state (Baird et al. 1991, Scharler &

Baird 2005).

Ascendency measures the efficiency and definitive-
ness by which energy transfers are made, whereas the
overhead quantifies how inefficient and ambiguous
the system performs on average. Higher indices of A
reflect increased ecological succession characterized
by, for example, species richness, decreased cost of
overheads to the system, greater internalisation of
resources and finer trophic specialisation (Ulanowicz &
Abarca-Arenas 1997, Scharler & Baird 2005).

Internal ascendency (Aj) and internal developmental
capacity (DQ) are functions of internal exchanges
alone and, thus, exclude exogenous transfers.

The ratios A/C and A/DQ have been used to com-
pare the organizational status of ecosystems on tempo-
ral (Baird & Ulanowicz 1989, Baird & Heymans 1996,
Baird et al. 1998, 2004b) and spatial (Baird et al. 1991,
2004a, Baird & Ulanowicz 1993, Baird 1999) scales.
The magnitude of various attributes, particularly the
DC, A, overheads and redundancy, are strongly influ-
enced by the total activity, or TST (cf. Ulanowicz 2004).
By dividing theses capacities (DC, A and overheads)
by TST, the resultant normalized values, given in
Table 2, are scaled to eliminate the singular effect of
TST (cf. Baird & Ulanowicz 1989, Baird et al. 1998).
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Flow diversity, defined as DC/TST (or normalized
DC), measures both the number of interactions and the
evenness of flows in the food web, and is thus a much
more dynamic concept than species diversity (Baird et

al. 1998). Comparatively higher values of this index
indicate an increase in interactions and a lower degree
of unevenness and variability in the flow structure
(Baird et al. 2004b). The effective number of connec-

Table 2. Global system attributes derived from network analysis for each subsystem ofthe Sylt-Romo Bight. Values reflect results

from network models where excess production and sediment POC were not exported from the subsystems with the exception of

the Pelagic, Sandy Shoals and Sandy Beach subsystems. In compartments where predation exceeds production, no artificial
imports were made to balance the compartment

Sytstem attributes Pelagic Mussel  Arenicola
domain beds flats

Trophic efficiency <1 14.92 3.47
(logarithmic mean, %)

Detritivory (mgC m-2 d-1) 152.2 1523 550

Detritivory:herbivory ratio (D:H)  33:1 0.3:1 0.9:1

Number of cycles 0 173 202

Finn cycling index (%) 0 2.53 20.3

Average path length 1.43 1.94 2.24
(APL=TST - Z/Z)

Average Residence Time 2.01 83.73 48.06

(ART, d) (Sum Biomass/Sum
Exports + Respiration)

Total system throughput 1282 33571 4928
(TST, mg C m-2d-1)

Total system throughput 173 12.1 448.4
(TST, tC area-1d"1)

Development capacity 3588 135620 21275
(mg C ni 2d_1 bits)

Ascendency (mgC in 2d 1bits) 1717 67521 8508

Relative ascendancy (A/DC, %) 47.9 49.8 40.0

Average mutual information 1.34 2.01 1.73
(A/TST) (normalized A)

Average internal mutual 0.41 0.91 1.01
information (Aj/TST)

Overheads on imports 416 17781 1758
(mg C m-2d-1 bits)

Overheads on exports 601 2690 2.2
(mg C iii 2d_1 bits)

Dissipative overheads 532 23590 2783
(mg C iii 2d_1 bits)

Redundancy 321 24034 8224
(mg C m-2d-1 bits)

Relative redundancy (R/DC, %) 8.9 17.7 38.7

Normalized redundancy 0.25 0.72 1.67
(R/TST)

Internal development capacity 844 54659 13269
(mg C iii 2d_1 bits)

Internal ascendency 522 30624 5046
(mg C iii 2d_1 bits)

Relative internal ascendency 61.9 56.0 38.0
(Ai/DCi, %)

Internal redundancy 321 24034 8224
(mg C in 2d_1 bits)

Relative internal redundancy 38.1 44.0 62.0
(Ri/DCi, %)

Flow diversity DC 2.8 4.04 4.32
(DC/TST, %) (normalized DC)

4>(sum of overheads/TST) 1.46 2.23 2.42

Overall connectance 1.58 1.55 2.08

Intercompartmental 1.05 1.78 2.60
connectance

Foodweb connectance 1.00 1.29 1.85
(living compartments only)

GPP/TST 0.34 0.16 0.20

Zostera noltii Mud Muddy sand Sandy Sandy
flats flats shoals beaches
Sparse Dense
5.06 5.58 6.13 7.31 33 6.5
645 1084 812 1050 406 656
0.8:1 1.5:1 1.2:1 1.5:1 2.7:1 4.7:1
113 195 158 342 87 92
22.62 24.76 25.89 27.53 16.2 16.16
2.74 2.48 3.13 3.29 2.46 2.68
55.52 46.54 22.62 37.36 8.85 7.47
5639 7566 5248 5852 3739 3556
26.8 81.5 20.2 77.5 13.8 26.0
26124 35539 24936 28506 14043 12775
10331 13027 8714 10216 6281 5633
39.5 36.7 349 35.8 44.7 44.1
1.83 1.72 1.66 1.75 1.68 1.58
1.12 0.96 0.94 1.05 0.69 0.73
2152 3440 1200 1561 505 384
11.7 12.4 15 1.5 421 366
4175 5744 42717 4824 1911 248
9454 13315 10730 11904 4926 3914
345 37.5 43.0 41.8 35.1 30.6
1.68 1.76 2.04 2.03 1.32 1.10
15898 20830 15843 18145 7512 6508
6444 7515 5113 6241 2586 2594
40.5 36.1 323 344 344 39.9
9454 13315 10730 11904 4926 3914
59.5 63.9 67.7 65.6 65.6 60.1
4.63 4.70 4.75 4.87 3.76 3.59
2.68 2.92 3.20 3.14 2.08 1.38
2.14 2.19 2.46 243 1.99 1.87
2.50 2.80 3.10 2.99 2.31 1.87
1.83 2.01 2.40 2.52 1.8 2.2

0.23 0.24 019 017 0.27 025
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tions between compartments is given by 3 connec-
tance indices, and is derived from the log-averaged
number of links calculated from the systems overhead
(Baird et al. 2004b). The overall connectance includes
the effect of external transfers; the internal con-
nectance index characterizes only internal exchanges,
whereas the food web connectance index refers only
to transfers among the living compartments in the
system.

Network analysis was performed on each of the 9
subsystems in 2 ways. First, analyses were done on
'non-steady state' flow models. That is, in those sub-
systems where some compartments were not balanced
for the reasons given previously (see 'Network con-
struction'). Second, all models were mass-balanced,
and the differences in the resultant output values of
system properties between balanced and unbalanced
flow models are briefly referred to in the Results.

The software routine (NETWRK 4.2a) that performs
all the above mentioned analyses and its supporting
documentation may be downloaded from www.cbl.
umces.edu/~ulan/ntwk/network.html. By importing
the data files of Appendix 2 into NETWRK4.2a, the
output results from these analyses can be generated.

RESULTS

As mentioned in previous sections ('Network con-
struction' and 'Network analysis') excess production
and egesta were not exported as sediment POC from
the subsystems, with the exception of the pelagic
domain, sandy shoals and sandy beach subsystems,
while some compartments in some of the subsystems
were not balanced where predation exceeded produc-
tion. Since this approach is, in our opinion, a true
reflection of the ecological and physical processes in
the Bight, the results from the unbalanced models will
be the focus of discussion in this paper. We neverthe-
less briefly refer to the differences between ENA out-
put results of balanced and unbalanced flow models.
The results from ENA are presented under 3 headings,
namely trophic structure, cycling and system level
properties, and the discussion restricted to those
indices most often cited in the literature (cf. Christian
et al. 2005). An illustrated, generalized, aggregated
flow model of the Bight showing the main energy
flow pathways among a number of trophic guilds is
presented in Baird et al. (2004a).

Trophic structure

The flow models of the 9 subsystems of the Sylt-
Romo Bight comprise different species assemblages,

different biomass or stock size of species (or of trophic
assemblages) in each, energy requirements of the liv-
ing components, production estimates, and quantified
predator-prey interactions. Annually averaged esti-
mates of the amount of energy consumed, rates of res-
piration, production and egestion by heterothrophs,
and of the NPP and respiration of autotrophs of each
subsystem, are provided in Appendix 1. This table
gives information on the composition of the communi-
ties associated with each habitat type, the biomass and
energetics of the living components in each, as well as
the trophic position of each compartment or species in
the food web. A number of system characteristics are
given in Table 1, which shows, inter alia, the total bio-
mass of the living components in each subsystem, the
production rate per m2per day and weighted produc-
tion per area, the daily P/B ratio, and the net primary
production (NPP) efficiency (i.e. the percent of net
autotrophic production consumed by herbivores).

It appears that the total standing stock of autotrophs
and heterotrophs of the mussel beds is greater than in
any of the other subsystems and yields 41.5% of the
production of all the intertidal subsystems on a per m2
basis at daily production rate of 5.1 g C nr2 (see
Table 1). High production during summer of the
macroalga Fucus vesiculosus accounts for the high bio-
mass (15 %) and productivity (77 %) of the mussel beds.
However, the biomass and productivity of macrofauna
and the presence of large numbers of birds feeding on
the mussel beds contribute substantially to the biomass
and productivity of this subsystem. Heterotrophic bio-
mass and production are also higher here than in any
of the other subsystems at 808.4 gC nr2and 1.1 gC
nr2d~\ respectively (see Table 1). Birds (eider duck,
oyster catcher and herring guii) are particularly active
predators on the blue mussel Mytilus edulis (#19), the
bivalve Macoma balthica (#24), and the shore crab
Carcinus maenas (#27), so that the production of these
prey species does not, on average, satisfy predator
demand. Their production rates were exceeded by
predation by about 910, 93, and 55 mgC nr2 d-1,
respectively. High consumption rates of birds have
been reported by Schheiffarth & Nehls (1997), who
commented that average prey production in the mus-
sel banks cannot satisfy bird energy demands. It is
assumed that bird predators will use the existing prey
biomass that will be replenished by recruitment
and growth during subsequent seasons. Predation on
Littorina littorea (#7) particularly by the shore crab
exceeded its production by about 13 mgC nr2d 1.

Only about 5% of the Fucus vesiculosus production
is directly consumed and although benthic microalgae
are heavily grazed by various herbivores, the NPP effi-
ciency of 16.9% of the mussel beds is low in compari-
son with most of the other subsystems (Table 1). Most
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of the unused F. vesiculosus does not remain on the
mussel beds, but is washed ashore, degraded to detri-
tus or exported from the Bight by tidal currents.

The high abundance and energy demands of Litto-
rina Littorea (#7), Gammarus spp. (#18), Macoma
balthica (#24) and small crustaceans (#26) on the mus-
sel beds resulted in the overexploitation of the produc-
tion of microphytobenthos (#2) by about 400 mgC nr2
d_1by these consumers. In this instance it was assumed
that mobile epibenthos (such as L. littorea and Gam-
marus spp.) would feed on benthic microalgae addi-
tionally at sand flats adjacent to the mussel beds, as
observed by H. Asmus (pers. obs.), and their energy
uptake on adjacent areas were considered as an input
into the mussel bed subsystem. In all other compart-
ments of the various subsystems predation did not
exceed production, with the exception of Hydrobia
ulvae (#6) on the mud flats that was over utilized by
58.4 mgC nr2d_l, mainly by the shelduck (#38). This
compartment was also not balanced to compensate for
the shortfall in production.

Net phytoplankton production in the Bight was
reported at 247 mgC nr2d_1(Baird et al. 2004a), whilst
the sum of phytoplankton consumption by suspension
feeders on all of the subsystems considering the area
covered approximates 387 mg C nr2d-1. This shortfall
of 140 mgC nr2d_1 was compensated partly by the
import of phytoplankton biomass from the coastal
waters of the North Sea where phytoplankton biomass
during the period of data recording was on average
about 70 mgC nr3 (Franke et al. 2004, Wiltshire &
Manly 2004 ) and partly by that of the subtidal water of
the entire Wadden Sea where phytoplankton standing
stock of chi a varies between 4 and 16 mg chi anr3 (or
between 200 and 800 phytoplankton carbon nr3 (Rick
et al. 2006). The shortfall of phytoplankton carbon of
140 mgC nr2d 1 for all subsystems is almost of the
same magnitude as that estimated for the total Bight at
160 mgC nr2d_1by Baird et al. (2004a). Suspension

feeders furthermore consume approximately about
58 mgC nr2d 1of suspended POC (#57), which was
also imported to the intertidal regions by tidal currents
from the North Sea and the deeper parts of Wadden
Sea where suspended POC occurs at concentrations of
between 0.5 and 6 g nr3 (Cadee 1982, Hickel 1984). A
twice daily tidal turnover rate of 66 x 10® m3 and the
fact that between 8 and 12% of the Bight's water is
exchanged per tidal cycle with the North Sea (Fast et
al. 1999) ensures the sufficient supply of phytoplank-
ton and suspended POC to consumers of the intertidal
subsystems.

The daily P/B ratios and TST are both considered as
indices of the functional and trophic activities of
ecosystems (Baird et al. 1991, Christensen 1995). With
the exception of the pelagic subsystem, the daily P/B
ratios lie between a high of 0.1 for the sandy beaches
and a low of 0.005 for the mussel beds. The higher ratio
for the pelagic subsystem is entirely due to the high
turnover rates of phytoplankton and free living bacte-
ria, while the lower P/B ratio of the mussel beds can be
ascribed to the high biomass but low productivity of
long-lived species. The TST values of the intertidal
systems show an inverse relationship with the P/B
ratios. The highest TST value and lowest daily P/B
ratio (see Tables 1 & 2) were observed for the mussel
beds (33571 mgC nr2d_1and 0.005 d-1, respectively),
with the lowest TST (3556 mg C nr2d_1) calculated for
the sandy beach subsystem having the highest P/B
ratio of 0.1 d_1. The high rates of productivity of Fucus
vesiculosus and predation activity of invertebrate and
vertebrate predators are largely responsible for the
high TST of the mussel beds. The throughput through
the macrophytes compartment (#3) alone accounted
for about 16% of the TST of this subsystem. Mussel
beds contribute 41.5% to the daily production on a
per m2basis of all 8 benthic intertidal subsystems (see
Table 1), and are, thus, areas of high activity (high
TST) and of intense predation by birds.

Table 3. Cycle distribution of the 9 subsystems showing the amount of carbon cycling through loops of various path lengths ex-
pressed as a fraction (%) of the total ammount cycled in each in mgC m~2d_1 (no cycles were identified in the pelagic domain)

Path length Pelagic Mussel  Arenicola
domain beds flats

1

2 0 40.15 50.97

3 0 48.79 48.57

4 0 9.41 0.44

5 0 1.66 0.01

6 0 0.01

7 0

Total amount cycled/ 0 856.80 1000.51

system (mgC nr2d_I)

Zostera noltii Mud Muddy sand Sandy Sandy
Vvivite flats flats shoals beaches
Sparse Dense
59.44 48.48 40.06 50.23 60.22 87.06
39.84 51.15 55.97 47.75 37.55 11.79
0.71 0.35 3.96 1.94 2.22 1.14
0.01 0.01 0.01 0.08 0.02 0.01
0.00003 0.001 0.0001 0.000073
0.0001
1275.16 1872.79 1357.87 1610.48 604.51 573.17
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Two other indices that also reflect on the trophic
functions of ecosystems are the average path length
(APL) and the average residence time (ART). The APLs
of the various subsystems are given in Table 2 and
range from 1.43 in the pelagic domain to 3.29 in the
muddy sand flat habitat. This means that most energy
is used over fewer steps in the water column than in
the other intertidal systems (see Table 2). The average
APL calculated for all subsystems is 2.5 (SD = 0.57,

=9), which is close to the value of 2.6 reported for
the whole Bight by Baird et al. (2004a).

Material and energy appear to reside for a much
longer time (ART = 84 d) in the mussel beds than in
any of the other subsystems. The organic material
deposited into the mussel beds, as reported by
Albrecht & Reise (1994), contributes to the long ART
calculated for this subsystem. This material is only
removed during strong storms, especially those from
casterly directions (Asmus & Asmus 1998). The ART in
the other benthic systems fluctuates widely from 56 d
in the sparse Zostera noltii beds to 7.5 d in the sandy
beaches. The ARTs in the sparse and dense Z. noltii
beds are 55.5 and 46.5 d respectively, 48 d in the
Arenicola flats, 37 d in the muddy sand system and
23 d in the mud flats. Material appears to reside for
much shorter time periods in the sandy shoals (9 d) and
sandy beaches (7 d) (see Table 2). The ART of energy
is particularly short in the pelagic domain, which is
clearly a function of the short inundation time of the
intertidal habitats. The ART calculation is based on the
ratio between biomass and the sum of exports and
respiration of a system. Where larger differences exist
between these attributes, the residence time would be
longer. The comparable high P/B ratios of the pelagic
and sandy beach subsystems are also indicators of the
rapid turnover of energy there before it leaves those
systems.

The carbon flow networks of each subsystem were
transferred into the simplified Lindeman Spines and il-
lustrated in Fig. 2. The first trophic level consists of pri-
mary producers and detritus combined, but these are
illustrated separately to show the relevant amounts of
grazing (herbivory) and detritivory, respectively, from
the first to the second trophic level. Returns from each
trophic level, as well as imports into the detrital pool,
GPP (as an energy input into Level I), respiration and
exports from each are shown in Fig. 2. The efficiency
by which energy and material is transferred from one
level to the next are given as a percent value in box of
the Spine. In the pelagic domain about 30% of the in-
put to the first level is utilized in this subsystem, but lit-
tle of phytoplankton is utilized at the second level be-
cause of low Zooplankton standing stocks and grazing
rates (see Fig. 2), which results in a very low efficiency
(<1 %) at the second trophic level. Excess phytoplank-

ton and bacteria are given as exports from the first and
second trophic levels in Fig. 2. Excess Fucus vesiculo-
sus and bacterial production is exported from the first
and second levels, respectively, of the mussel beds (see
Fig. 2), while the rather large exports from Levels III
and IV are due to bird predation. The higher trophic
efficiency seen at Level IV compared with that at the
previous level shows the ability of the mussel beds to
transfer energy to higher trophic levels. The same ob-
servation can be made for the Arenicola flat, Zostera
noltii beds, and muddy sand flats. This is due to better
efficiencies of higher level predators, such as birds and
fishes, compared with predators on lower levels, such
as Nephthys, shore crabs and shrimps, which may
cause a bottleneck for the energy flow in these com-
munities. In the other communities the efficiency of
transfer between the trophic levels shows a continuous
decrease from lower to higher trophic levels.

The logarithmic mean of the trophic efficiencies of
the pelagic domain is the lowest (<1 %) and the highest
(15%) in the mussel bed subsystem (see Table 2). The
mean trophic efficiencies of the other subsystems vary
within a narrow range of between 3.3 and 7.3%, and
fall within the range of efficiencies reported for a sea-
grass bed ecosystem with a comparable number of
compartments (51) in Florida, USA (Baird et al. 1998).
The number of trophic levels range from 3 in the
pelagic to 6 in Arenicola flats, dense Zostera noltii
beds, muddy sand flats and sandy shoal subsystems.

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 (Ulanowicz
1986). Cycling occurs through a number of cycles of
different path lengths. First, we enumerate the number
of cycles, second, the amount of material cycled
through loops of various path lengths, and third, the
amount recycled in each of the 9 subsystems.

The number of cycles per subsystem varies from zero
in the pelagic domain to 342 in the muddy sand flat
subsystem (see Table 2). The occurrence of few cycles
appears to be typical of pelagic systems. The cycle
distribution in Table 3 shows how much material (ex-
pressed as a percentage of the total flow) flows through
cycles of various lengths in each subsystem. In most
systems, with the exception of the mussel beds, more
than 95 % of the cycled material takes place via cycles
containing 2 and 3 compartments, with small amounts
cycled through loops involving 4 or more compart-
ments. These short cycles invariably involve the sedi-
ment bacteria (#55), meiobenthos (#56) and sediment
POC (#58) compartments and include species using
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sediment POC and sediment bacteria as partial food re-
sources. Short pathways are also indicative of fast rates
of cycling (Baird & Ulanowicz 1993) as opposed to sys-
tems where cycling occurs over longer pathways (Baird
et al. 1991). In the mussel beds, however, about 11 % of
cycling takes place over longer pathways involving 4 to
6 compartments because of the heavy predation of top
predators (birds in compartments #35 to 40 and 47 to
50) on prey at lower trophic positions such as Gam-
marus spp. (#18), Mytilus edulis (#19), Macoma balthica
(#24) and Carcinus maenas (#27). The sediment bacte-
ria and sediment POC compartments are virtually al-
ways involved in these longer cycles, and in which
invertebrate species compartments such as the Oligo-
chaeta (#11) and the shore crab (#27), and vertebrates
such as Atlantic cod Gadus morhua (#36), Myoxo-
cephalus scorpio, eider duck Somateria mollissima
(#39), black-headed guii Larus ridibundus (#47) and
other birds (#50) frequently participate. The involve-
ment of fish and invertebrates is clearly through their
egesta, retained in the mussel beds as sediment POC,
which is subsequently used by invertebrates and which
are in turn subjected to vertebrate predation.

The amount of material cycled in each subsystem,
given in Table 3, is expressed as a fraction of the TST
in the Finn Cycling Index (FCI) given in Table 2. The
FCI and the APL follow the same trend in the benthic
systems, with the highest FCI and APL occurring in the
muddy sand flat subsystem and the lowest FCI and
APL in the mussel beds. High APLs are usually associ-
ated with high degrees of flow diversity and cycling,
which is clearly evident from Table 2. Little material is
recycled in the mussel beds because of the high TST,
which is ascribed to the high Fucus vesiculosus pro-
duction, little utilization of it and its subsequent export
from this subsystem. Cycling indices calculated for the
sandy shoals and sandy beach subsystems are low and
appear to be typical for these kinds of exposed habi-
tats. For example, Heymans & McLachlan (1996) re-
ported an APL of 2.3 and a FCI of 13% for a sandy
beach system in South Africa.

System level properties

Global measures of system organization, such as the
TST, development capacity (DC), ascendency (A),
redundancy (R), average mutual information (AMI),
flow diversity and connectance indices were derived
from network analysis and are listed in Table 2 for
each of the 9 subsystems. Although the actual numeri-
cal values derived for DC, A, Overheads, and R are of
interest, dimensionless ratios of relative ascendency
(A/DC), relative internal ascendency (A/DQ), AMI,
relative redundancy (R/DC), relative internal redun-

dancy (R/DQ) and flow diversity are considered to be
suitable indices for intersystem comparison (Wulff et
al. 1989, Baird et al. 1991, Christian et al. 2005) and
have been used extensively in the literature for system
comparisons over spatial and temporal scales. No tests
of statistical significance between the values of the
indices derived from ENA were conducted due to the
complexity of comparing information-theoretic combi-
nations (Monaco & Ulanowicz 1997, Patricio et al.
(2004), while the NETWRK4 software does not readily
allow access to sensitivity or uncertainty analysis
(Baird et al. 2004b). Also, due to the logarithmic nature
of these indices (i.e. TST, DC, A and R) and their deriv-
atives (e.g. AMI, A/C ratios, flow diversity and con-
nectance indices), small numerical differences can
represent large differences in ecosystem structure and
organization (Patricio et al. 2004). The relative ascen-
dancy (A/DC ratio) of the mussel bed is the highest of
all the systems at about 50%, indicating an apparently
well organized system. The lowest A/DC ratio is found
in the mud flats (35%). The wide range illustrates dif-
ferent states of organization in the various subsystems
of the Bight. The internal relative Ai/DQ ratios are
functions of internal exchanges only. They show an
increase compared with the A/DC ratio in some sub-
systems (pelagic by 14%, mussel beds by 6.2%, and
sparse Zostera noltiiby 1%), whereas the other subsys-
tems show a consistent decrease, with the percent
change ranging from 2% (Arenicola flats) to 10.3% in
the sandy shoals system (see Table 2). A decrease in
this ratio would indicate some degree of dependence
of these subsystems on exogenous connections with
adjacent systems (Baird et al. 1991), which indeed
reflects the dependence of most of the Bight's subsys-
tems on imports from the overlying pelagic domain.
The high in situ production of Fucus vesiculosus,
which uses internally produced nutrients for growth
(Asmus & Asmus 1998), could explain the increase in
the Ai/Ci ratio in the mussel beds, The high A/DC
ratios also point to a relatively high degree of internal
self-organization. The A/DC ratio is highest in mussel
beds followed by the pelagic domain and the sandy
shoals and sandy beaches. The increase in the Ai/DQ
ratio (based on internal exchanges only) versus the
A/DC ratio by 14% in the pelagic system can be
ascribed to the removal of all external imports, namely
energy for GPP and DOC inputs from macrophyte exu-
dation. Once these are removed, the internal ex-
changes are limited to a simple grazing chain involv-
ing phytoplankton, Zooplankton and herring Clupea
harengus, and of bacteria absorbing DOC, reflecting a
simple system but a relatively well organized one. A
similar argument can be made for the mussel bed sys-
tem, namely the removal of external energy to sustain
the high F. vesiculosus production.



36

Mar Ecol Prog Ser 351: 25-41, 2007

181 .77.6
Pelagic domain 437" | 4.6 I 0.0002 n
P5 2939 0.0001% 1.3%
X X X Imports  -------—| [>
6 190 7 0.0001
'152.2 8.3 0.0001 Exports  -»
90.4
8.3
3740 .20.4 37.8 , L1 ,0.14
Mussel beds 10548, 5350 I 2060 1] 64.7 ( v 6.47 \Y, 0 Vi
52.6% 30.0% 3.4% 10.0% 0%
T X X X X X
2471 / 3613 1472 40.5 4.33
79 /1 523 1180 485 17
D
852
1684
,0.3
Arenicola flats  1442. 599 1l 189 1 1.7 v 0.017 v 0.0001 VI
48.3% 16.5% 0.9% 1.0% 0.7%
X X X X X
344 / 244 46 1.08 0.011 0.0019
503 /550 716 141 0.6 0.07 0.0007
74
858
,20.2 ,0.04
Sparse Z noltii 1475,. 812 I 325 1] 2.4 v 0.02 \Y 0 Vi
beds 52.9% 2.1% 0.7% 0.8%
X X X X X
528 / 131 60 1.1 0.015
128 /645 1000 263 13 0.005
30
1264
.0.9 ,0.2 .0.03
Dense Z. noltii 2124, 725 Il 363 i 2.0 v 0.03 v 0.005 Vi
beds > 53.4% 20.1% 0.6% 1.5%
X X X X X
811 / 522 77 0.007
590 /1 084 923 284 1.0 0.02
t>
50
1208
.0.5
Mudflats 1221~ 1 661 I 361 ] 20.3 \% 0.03 \Y Vi
68.8% 24.5% 5.6% 0.15% 0%
X X X X X X
338 / 448 115 13.9 0.006
222 /812 664 202 4.6 0.007
51
871

Fig. 2. Lindeman Spines of the 9 subsystems of the Sylt-Romo Bight. The boxes indicated D refer to the detrital pool in each
subsystem, and the Roman numerals 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. Z. noltii = Zostera noltii
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Fig. 2 (continued)

The AMI, or normalized ascendency, values (indices
indicative of the level of inherent organization and of the
degree of specialization) are highest in the mussel bed
subsystem at 2.01 (Table 2). This index varies between
1.34 and 1.83 in the other systems (see Table 2). Fucus
vesiculosus appears to play a prominent role in the mus-
sel bed dynamics. It increases the TST as well as A
through the magnitude of flows, i.e. the import of energy
for F. vesiculosus production, the large quantity of exu-
dates (DOC) and the export of large amounts of unused
plant material. However, F. vesiculosus does not con-
tribute much to the flow structure of the mussel beds,
since only a few species (#18, 26) feed on it, which is re-
flected in the lower flow diversity and connectance in-
dices (see Table 2). The high TST of the mussel beds
are mainly due to F. vesiculosus and the high A/C and
Ai/DCiratios, and high AMI value ratios can, thus, be as-
cribed to an inflated ascendency, which is enhanced by
high system activity due to the size of the flows associ-
ated with F. vesiculosus and does not necessesarily point
to awell organized system. Ifthe GPP of all subsystems
is normalized by dividing it by the TST, these values
range from 0.16 in mussel beds to 0.27 in sandy shoals
(see Table 2); the low ratio in the mussel bed again points
to the prominent influence of F. vesiculosus in this sub-
system once its high system throughput is removed.

The flow diversity indices (which measure both the
number of interactions and the evenness of flows in the
subsystems) are the lowest in the pelagic domain (2.8)
and intermediate in the sandy shoals and sandy
beaches (3.76 and 3.59, respectively) compared with
the other subsystem values which range from 4.04 in
the mussel bed to 4.87 in the muddy sand flat (see
Table 2).

The relative redundancy, relative internal redun-
dancy and the normalized redundancy ratios, consid-
ered to be measures of system stability (Rutledge et al.
1976, Christensen 1995, Baird et al. 1998), are given in
Table 2. The relative redundancy ratios vary from 18 %
for the mussel beds to a high of 43 % in the mud flats,
implying a reduction in parallel trophic pathways from
the mud flats to the mussel beds and, thus, a reduction
in relative stability in terms of redundancy (Scharler &
Baird 2005). The mussel bed and pelagic subsystem
(redundancy ratio of 9%) with low relative redun-
dancy ratios, therefore, exhibit less stability than the
other subsystems. The normalized redundancy values,
where the effect of TST is removed, show the same
trend, namely lower values for the pelagic (0.25) and
mussel bed (0.7) subsystems, and higher values for the
others with the highest (2.0) exhibited by the mud and
muddy sand flats. However, when internal exchanges
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only are considered, the relative internal redundancy
of the mussel beds increase dramatically to 44%,
showing greater internal stability in the absence of
external imports and exports. This ration fluctuates at
much higher levels (between 59 and 67 % in the other
subsystems).

Another set of flow networks were constructed in
which all model compartments in all of the subsystems
were balanced by importing or exporting shortages
and excesses, respectively, but without affecting the
biomasses or flows. This did not change the structure
of the network in any way nor the conclusions. The
shortfall in the unbalanced compartments in the mus-
sel beds (#7, 19, 24 and 27) and mudflats (#6) consti-
tuted only 0.1 and 0.25% of'the heterotrophic standing
stocks in the 2 subsystems, respectively. Of interest is
that the relative internal ascendency (Ai/Ci) ratios of
the unbalanced networks are larger than in the bal-
anced ones, probably due to the lesser dependence of
the unbalanced systems on external exchanges and,
thus, with higher internal organization. The same
trends occurs when the internal AMI (Ai/TST) is calcu-
lated for each subsystem; the differences between the
balanced and unbalanced models show a consistent
increase in the levels of organization and degree of
specialization in the unbalanced food web networks.

The differences in system attributes, whether small
or large, were consistent for any particular attribute for
all systems. It appears that the system level properties
do not differ dramatically between the balanced and
unbalanced models. The unbalanced models, how-
ever, are, in our opinion, ecologically justifiable and
that network analysis of these flow models are based
on sound empirical observations.

DISCUSSION

In this study we compared flow networks of inter-
tidal subsystems of the Sylt-Romo Bight using network
analysis. These subsystems were identified by the
nature of the habitat and biodiversity. However, the
same species may occur in different habitats, since
they are contiguous and not separated by physical bar-
riers, but occur at different levels of abundance, bio-
mass and production rates as shown, for example, by
Polte et al. (2005) for commonly occurring species such
as the shore crab (#27), the brown shrimp Crangon
crangon #28), and 2 gobiid fish species (#30 & 31). We
acknowledge the possibility of inter-habitat exchanges
by mobile epifauna and, thus, the transfer of energy
between habitats. We argue, however, that for the pur-
pose of assessing the trophic function and system level
properties for each of the habitats, the treatment of
each as a subsystem of the whole is justified based on

empirical data of species distribution and abundance,
habitat preference of benthic invertebrates and feed-
ing behaviour of vertebrates (cf. Asmus & Asmus 2005,
Polte et al. 2005). The pelagic subsystem can be con-
sidered as the domain from which energy can be
imported and to which excess production and material
can be exported. For example, suspension feeders
obtain food from the water column (such as phyto-
plankton, free living bacteria and suspended POC),
which has been considered as having being imported
from the pelagic subsystem. Community characteris-
tics in terms of species composition and abundance are
given in Appendix 1, while diet composition and rates
of exchange between the various components of each
system are given in Appendix 2.

Ecological network analysis allows a valuable ap-
proach to compare the ecological function of ecosys-
tems and provides numerous system level indices
(listed in Table 2) that can be used in this context.
These indices are obviously influenced by the inter-
play of various physical and chemical forcings, such as
temperature fluctuations over months (Baird et al.
1998) or seasons (Baird & Ulanowicz 1989, Gaedke &
Straile 1994), nitrogen concentrations over days (Field
et al. 1989), nutrient loading and hypoxia over seasons
(Baird et al. 2004b), or the magnitude of freshwater
inflows in estuaries (Scharler & Baird 2005). Ecosys-
tems can, thus, be assessed on temporal and spatial
scales from the suite of ENA system level outputs.
Obviously, seasonal differences in temperature, for
example, will affect these outputs on temporal scales.
We have used annual averages in the biomass, produc-
tion rates and energy requirements of the various com-
ponents, and the ENA results can be considered to be
derived under similar environmental conditions for all
of the subsystems and, thus, comparable. Furthermore,
the derivation of system indices by ENA is also a func-
tion of the biodiversity of an ecosystem since biodiver-
sity is linked to many ecosystem processes (Ieno et al.
2006). Changes in species diversity will affect ecosys-
tem function (Bulling et al. 2006), and the detailed
analyses of the constituent subsystems of the Bight
presented here provide a basis against which future
changes in biodiversity and their effects can be mea-
sured at the ecosystem level.

The comparison of whole system indices reveals
interesting similarities and differences between the
8 intertidal benthic subsystems in the Bight. Greater
cycling was assumed to be indicative of system matu-
rity. Here the FCI of the mussel beds (2.53%) is low
compared with the relative ascendency of 49.8%,
whereas this relationship (between the FCI and the
A/C ratios) is much smaller for the other intertidal sub-
systems. There also appears to be in general an inverse
relationship between the FCI and the relative aseen-
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dancy (A/C) (cf. Baird et al. 1991) and the larger this
relationship is, the less organized and more stressed a
system could be. The inverse relationship between the
FCI and relative ascendency is evident for all systems,
but appears to be the highest in the mussel beds and
the lowest in the muddy sand flats.

High APL and flow diversity values have been asso-
ciated with high degrees of interactions and diversity
in terms of flows within the system, and these can also
be viewed in conjunction with the connectance indices
and the normalized ascendency ratio (or the AMI). The
highest values for all of these were derived for the
mussel beds, Arenicola flats, dense and sparse Zostera
noltii beds, and mud and muddy sand flats (see
Table 2). Values of these indices fluctuate within nar-
row ranges, which are consistently higher than the val-
ues of the same indices computed for the pelagic,
sandy shoals and sandy beach subsystems. From these
observations it would appear that the benthic subsys-
tems can roughly be grouped into 2 groups. The first
group consists of the mussel bed, Arenicola flats, dense
and sparse Z. noltii beds, and mud and muddy sand
flats, all of which show high degrees of interactions,
evenness of flows and low degrees of variability in
interactions and flows when compared with the second
group of sandy shoals and sandy beaches.

The magnitude of redundancy is often referenced
to the susceptibility of a system to perturbations and,
thus, its stability. High redundancy signifies that the
system is maintaining a high number of parallel
trophic pathways by which energy or material passes
between any 2 arbitrary components in the system
(Ulanowicz 2004). Should a perturbation occur, the
system then has the capacity to use the remaining
pathways to function the way it does. The relative
redundancy (R/DC  and
R/TST, respectively) are lower in the mussel beds
(see Table 2) indicating fewer parallel pathways exist
here than in any of the other benthic subsystems. The
mussel beds are indeed heavily exploited by a num-
ber of bird species (including the eider duck, oyster-
catcher Haematopus ostralegus, 3 guii species and
an assortment of other bird predators (#50) feed-
ing essentially on Mytilus edulis. A perturbation that
would cause a dramatic decrease in the productivity
of prey species on the mussel beds will inevitably
affect the bird populations adversely in one way or
another. In view of the existence of strong links

and normalized indices

between many predators and few prey species (i.e.
few alternative or parallel pathways) this system can
be considered to posses less stability when faced with
external perturbations. The redundancy indices for
the other subsystems are relatively high, reflecting
multiple parallel pathways and, thus, more resistance
to external perturbations.

It has been hypothesized that biodiversity is linked
with ecosystem functioning (Duffy & Stachowicz 2006)
from which it follows that biodiversity could affect
ecosystem stability. We have illustrated that the diver-
sity in pathways, given by the redundancy index, is
associated with system stability. A change in biodiver-
sity will affect the connectedness by causing either a
reduction or an increase in the number of parallel
pathways (or the redundancy) and, thus, the stability of
the ecosystem. In our investigation a high redundancy
was estimated for those communities that show a rela-
tively high diversity such as mussel beds and dense
Zostera noltii beds. Although species richness is high
in those communities, single species dominate the bio-
mass of the community and, hence, regulate trophic
flows as well as community structure. Therefore, it can
be expected that system stability does not depend only
on species diversity but also on species evenness.

In conclusion, this study on the dynamics of several in-
tertidal benthic habitats and their associated biotic com-
munities illustrated the differences and similarities be-
tween subsystems within the greater Bight. It clearly
illustrated the high TST ofthe mussel bed subsystem and
high values for both the ascendency (A) and relative as-
cendency (A/DC). The high ascendency is derived from
a very high TST, and Ulanowicz (2003) postulated that
ascendency could be high in a system because of a re-
source that has caused an 'explosion' in TST. Ulanowicz
(2003) further argued that too much activity (i.e. a high
TST) could jeopardize the internal stability of a system,
which would be reflected in systems with low AMI
among their flows. It can be argued that although the
high Fucus vesiculosus production inflates TST and A,
the resultant comparably high AMI and flow diversity
values do not necessarily indicate an organized system.
Ulanowicz (2003) also suggested that the larger the over-
head © (i.e. the sum of the overheads on imports, ex-
ports, respiration and redundancy) in a system, the
greater the resistance, and, thus, the stability of a system
to counter the effects of a disturbance. The overhead &
when scaled by TST, is the lowest in the sandy beach
and sandy shoal systems (1.38 and 2.08, respectively)
and range at slightly higher values between 2.23 and 3.2
in the other benthic subsystems (see Table 2). Of these
the mussel bed has the lowest index at 2.23 and is, to-
gether with the sandy shoal and sandy beach systems,
more vulnerable to external and internal perturbations.
The variability in system properties between the differ-
ent subsystems suggests that the sustainability of the
whole Bight system appears to be dependent on the
efficient functioning of its constituent subsystems.
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