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ABSTRACT: We investigated the effects of human activ-
ities on the pelagic food web structure of nearshore
marine ecosystems. Their generic structure was estab-
lished on the basis of literature review and analyzed by
qualitative structural network analysis. Two main issues
were addressed: (1) the role of species capable of forming
harmful algal blooms (HABs) and red tides (Noctiluca
spp.), as well as the role of jellyfish, in eutrophicated sys-
tems; (2) the contribution of human influences on food
webs, focusing on bottom-up (increased nutrient loading)
and top-down (overfishing) effects. Results suggest that
HAB-forming species and Noctiluca stimulate the micro-
bial network, but reduce higher trophic levels such as
commercially important fish species. Jellyfish act as a
buffer in eutrophicated and overfished systems, as they
retain nutrients from the water column, but their blooms
lead to a massive accumulation of large phytoplankton
organisms. Anthropogenic nutrient enrichment favors
undesirable species because of their specific position in
the food web, and this crucial position may explain their
far-reaching effects. Finally, while it appears that over-
fishing of piscivorous fishes inhibited HABs and sup-
ported blooms of diatoms and other large algae in the
past, the present-day loss of planktivorous fishes acts syn-
ergistically with nutrient enrichment in promoting HAB
species, Noctiluca and jellyfish. These fundamental con-
straints, which are inherent in the generic structure of
pelagic food webs, thus largely determine community
dynamics in marine coastal ecosystems.
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Eutrophication and overfishing are threatening marine coas-
tal communities worldwide. Visible consequences are harmful
algal blooms and jellyfish outbreaks. The analysis of the pela-
gic food web structure by Vasas et al. (diagrammatically idea-
lized above) helps us to understand the mechanisms by which
eutrophication and overfishing can generate ecosystem shifts.

Illustration: Sdndor Snepp; background from Google Earth™

INTRODUCTION

Coastal waters receive large amounts of anthropo-
genic nutrients from domestic and industrial effluents
and agricultural runoff. Effects of coastal eutrophica-
tion are discernible at all trophic levels (Cloern 2001)
and appear as direct and indirect qualitative changes
in pelagic food webs, e.g. proliferation of harmful algal
blooms (HABs), extinction of species at higher trophic
levels, and reduced yields of harvestable fishes and
invertebrates. These alterations of the food web struc-
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ture are primarily caused by an excessive input of
anthropogenic nutrients having altered N:P:Si ratios
(excess of N and P) in comparison with natural aquatic
systems (Billen et al. 1991).

High-biomass blooms of harmful species at different
trophic levels are one response of the coastal system to
nutrient enrichment. In temperate coastal waters, 3
groups with different trophic positions are considered
as harmful and as indicators of eutrophication: photo-
synthetic algae that form HABs (Glibert & Pitcher
2001), the red-tide ichthyotoxic dinoflagellate Nocti-
luca spp. (Okaichi & Nishio 1976, Daskalov 2002), and
jellyfish (e.g. Arai 2001); the jellyfish are considered
dead ends in the food web. Autotrophic and hetero-
trophic HAB species are separated in the analysis,
because they occupy different trophic levels.

Recent field studies (Daskalov 2002, Gucu 2002,
Lancelot et al. 2002) and theoretical evidence (Jordan
& Wyatt 2006) show links between HABs, jellyfish
blooms and overfishing, confirming the observation
that multiple stressors operate in natural communities
(Cloern 2001). The existence of trophic cascades, i.e. of
far-reaching top-down effects of predators in aquatic
ecosystems, imply that fisheries actively modify the
ecosystem, rather than being merely beneficiaries of
sea resources (Pace et al. 1999).

The worldwide problems of increased nutrient load-
ing and overfishing call for generic and holistic ap-
proaches to assess their combined effect, and struc-
tural analysis of trophic networks is a useful tool for
investigating their causes and consequences. Relation-
ships between parts and the whole can be investigated
from a network perspective (Higashi & Burns 1991); in
this study, we studied changes at the level of the whole
system that are due to isolated modification of its com-
ponents. To identify principal mechanisms underlying
the global degradation of coastal ecosystems, we ana-
lyzed the topological structure of a generic pelagic
food web. In this approach, only the very primary
information of ‘who eats whom' is considered, hence
giving information about the basic organization of the
system. Such simple models are not able to describe
the dynamical behavior of a given system, but they
give information about the core functions determining
its behavior (e.g. Vasas & Jordan 2006).

The present model can be applied to all temperate
coastal water ecosystems with only minor local modifi-
cations. Special attention was given to highlighting the
most typical relationships between nutrients and
organisms, and to understanding the role and position
of harmful eutrophication-indicator species in the net-
work. To achieve this objective, we quantified the role
of the 3 selected harmful groups (inedible blooming
algae, Noctiluca spp., jellyfish) according to their posi-
tions in the food web, and we explored the extent to

which human perturbations (nutrient loading from the
bottom up, and overfishing from the top down) might
influence their blooms. This analysis discriminates
between inedible HAB-forming and other algae, be-
cause the method only allows the separation of groups
on the basis of trophic position; we note, however, that
many innocuous species also bloom, and that edible
HAB species may exist.

METHODS

Network construction. Trophic groups specific to
the generic pelagic food web and the relationships
between them were identified based on literature
review (references in Table 1). Trophic groups were
defined on the basis of their trophic functions in the
ecosystem. They represent both tropho-species, i.e.
groups of species that have the same set of predators
and prey, and nutrient pools. A tropho-species may be
either a taxonomically homogeneous or a distant group
of species (Turner & Roff 1993). In some cases different
life stages or toxic/non-toxic forms of the same species
may belong to different tropho-species.

A trophic relationship between 2 tropho-species was
only considered if it represents an important prey—
predator interaction. The importance of the interaction
and the contribution of each trophic group to differ-
ent nutrient pools were based on a literature survey
(Table 1) and field data (Rousseau et al. 2000). The
food web model is thus qualitative, as it is based on
the existence of the main relationships, rather than on
actual diet or flow information.

Structural network analysis. We used a slightly
modified version of the mixed trophic impacts method
(Ulanowicz & Puccia 1990, Vasas & Jorddan 2006),
which calculates direct and indirect trophic interac-
tions from trophic flow data. In the original method, the
dietary coefficient (gj) is the effect of prey i on preda-
tor j and represents the actual proportion of i within the
diet of j. For this network analysis we only considered
the presence/absence of prey—predator interactions
(e.g. Fig. 1, where i = A, B, C), and we assume that
each prey has the same effect on a given predator; thus

gij = 1/Dj,1'n (1)

where D;;, is the number of prey tropho-species of j
(called indegree). Similarly, the negative effect of preda-
tor i (Fig. 1, where i=D, E) on its prey j (f;) is measured
by the fraction of net output consumed by predator i:

fjj = 1/Dj,out (2)

where D, (called outdegree) is the number of
predators of j and non-predatory mortality factors
(stress-induced lysis or sedimentation). Net output had
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Table 1. Tropho-species: code, size, input and output of matter. Recent reviews are cited where possible. LDOM: labile dissolved
organic matter; SDOM: semi-labile DOM; POM: particulate organic matter

(5
(6
7
8

(
(

“Sorted according to output terms
(1) Azam & Cho (1987)
(2) Beltrami & Carroll (1994)
(3) Buskey (1995)
(4) Brussard et al. (2004)
) Caron & Goldman (1990)
) Frangoulis et al. (2005)
) Fuhrman (1999)
) Fuhrman (2000)

9)
(10
(11
(12
(13
(14
(15
(16
(17

Harris et al. (2000)

) Hart & Reynolds (2002)

) Kierboe & Nielsen (1994)
) Kigboe & Titelman (1998)
) Kirchman (2000)

) Montani et al. (1998)

) Nagata (2000)

) Purcell (1997)

) Sarthou et al. (2005)

Code Trophic group Size (pm) Input Output Source®
PicoPI Pico- <2 NH4, NO3, PO4 Grazed by HetNanoF| 19, 21
phytoplankton Release of LDOM 15
AutNanoFI Autotrophic 2to 20 NH4, NO3, PO4 Grazed by pZooPI 19, 22
nanoplankton Release of LDOM 15
LAutFI Large autotrophic 20 to 200 NH4, NO3, PO4 Grazed by MesoZooPI 9 11
flagellates Release of LDOM 15
Diat Diatoms 2 to NH4, NO3, PO4, Si Grazed by MesoZooPI 9,17
2000 Grazed by Noctiluca 3,12
Infected by VirDiat 7
Release of LDOM, SDOM 15,17
Release of POM 17
Sedimentation 17, 24
InedAlg Inedible bloom- 5to NH4, NO3, PO4 Infected by VirlnedAlg 7, 4
forming algae 2000 Release of LDOM, SDOM 15,18
Release of POM 18
Sedimentation 18, 24
FreeBac Free-living <2 LDOM Ingested by HetNanoFlI 19, 21
bacteria SDOM Infected by VirBac 7,8
Release of NH4, PO4 13
POM-Bac POM-attached <2 POM Ingested by HetNanoFI 19, 21
bacteria Liberation of SDOM 1,20
Release of NH4, PO4 13
Sedimentation 24
HetNanoFI Heterotrophic 2 to 20 PicoPI Ingested by pZooPI 19
nanoflagellates FreeBac Release of LDOM, SDOM 15,19
POM-Bac Release of POM 19, 24
Release of NH4, PO4 5,19
pZooPI Micro- 20 to 200 AutNanoF| Preyed by MesoZooPI 19
zooplankton HetNanoFI Release of LDOM, SDOM 15, 19, 23
Release of POM 19, 24
Release of NH4, PO4 5,19
MesoZooPI Meso- 200 to LAutFI Preyed by Jellyfish, PIvFish 10, 16
zooplankton 2000 Diat Release of LDOM, SDOM 15, 23
pZooPI Release of POM 24
Release of NH4, PO4 6
Noctiluca Noctiluca spp. 200 to Diat Infected by VirNoc 2
2000 POM Release of LDOM, SDOM 15
Release of NH4, PO4 14
Sedimentation 24
Jellyfish Jellyfish >2000 MesoZooPI Contribution to sedimentation 24
PIvFish Planktivorous >2000 MesoZooPI Preyed by PiscFish 10
fishes Contribution to sedimentation 24
BentFish Benthic-feeding >2000 None (feeds outside Preyed by PiscFish 10
fishes of pelagic food web) Contribution to sedimentation 24
PiscFish Piscivorous fishes >2000 PIvFish, BentFish Contribution to sedimentation 24
VirDiat Diat viruses 0.02t0 0.2 Diat Release of LDOM, SDOM, POM 7,15, 25
VirlnedAlg InedAlg viruses 0.02to0 0.2 InedAlg Release of LDOM, SDOM, POM 4,7,15,25
VirBac FreeBac viruses 0.02to0 0.2 FreeBac Release of LDOM, SDOM, POM 7,8, 15,25
VirNoc Noctiluca viruses 0.02t0 0.2 Noctiluca Release of LDOM, SDOM, POM 7,15, 25

) Schoemann et al. (2005)
) Sherr & Sherr (2002)

) Smith et al. (1992)

) Strom (2000)

) Strom (2002)

) Strom et al. (1997)

) Turner (2002)

) Wilhelm & Suttle (1999)
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Prey Predators and non-predation
mortality factors
Sum of negative effects < —1

Stress lysis, sinking...
Physiological losses

Fecal pellet, egestion

Fig. 1. Calculation of the direct net impact of prey (Group A,

B, C) and predator species (Group D, E) on a given species j.

Positive effects of prey and negative effects of predators
depend on the respective number of tropho-species

originally been defined as the total output, excluding
respiration. In this application, however, we excluded
every release that is related to ecophysiological pro-
cesses in healthy organisms (leakage, fecal pellet pro-
duction, egestion), since we focused on interactions,
rather than on energetics. The mass fluxes of non-pre-
dation mortality factors were considered with regard to
the receiving component (the different organic and
inorganic nutrient pools), but they have no effect on
the source component; thus f;; = 0. These processes are
called donor-controlled.

The net impact (q) of i upon jis g;= (g - f;) and is
defined as the one-step (direct) effect of i on j (Fig. 1).
Its values range from —1 to +1. Taking every pair of N
nodes, we calculated the above defined direct net
impacts and constituted the N x N net impact matrix,
[Q], where the entry in the ith row and the jth column
represents the net impact of i upon j. Assuming that the
direct impacts are additive and multiplicative, the total
(direct and indirect) effects, called mixed trophic im-
pact (mj entries of matrix [M]), are calculated by sum-
marizing all integer powers of [Q], using the following
equation derived from the input—-output theory applied
to energy flows in ecosystems by Hannon (1973):

M] = {[I]-[Ql}" -] @)

where [I] is the identity matrix.

The computation of overall pairwise interactions
gives a general overview of ecosystem functioning.
Nutrients evidently support all components in a food
web, but our analysis concerned the share of each
component. Trophic cascades originating from pre-
dators result in alternating abundance (or biomass)
patterns between the various trophic levels, e.g. an

abundant top predator in a 3-level food chain results in
lower abundances of mid-level consumers and higher
abundance of basal producers (Pace et al. 1999). From
this structural analysis, one may assess indirect effects
such as the propagation of positive effects of nutrients
or trophic cascades.

Topological keystones. Species are not equally
important in maintaining the integrity of ecosystems,
and the heterogeneous nature of trophic interactions is
a fundamental feature of natural communities (Mar-
galef 1991). Species that have a large impact on the
ecosystem, disproportional to their (possibly) small bio-
mass, are considered to be keystone species (Power et
al. 1996). One of the very few quantitative approaches
for their identification is based on their position in food
webs. The bottom-up component of the keystone index
(Kp; Jordan et al. 1999) was used to quantify the role of
each species in order to explore possible relationships
between the most important and the harmful groups in
a community. The keystone index (K) modified from
the net status index (Harary 1961), allows the estima-
tion of the number of species that would be seriously
affected after a large perturbation (or extinction) of a
given species. The bottom-up component of keystone
index K}, ; is defined as:

n

Ky =Y 04Ky @)
j=1 dj

where n is the number of predators consuming species
i, and d; is the number of prey species of its jth preda-
tor. K, is the bottom-up keystone index of the jth
predator, which means that the formula is recursive; its
calculation should, therefore, start with the top preda-
tors (Fig. 2). This index satisfies our interest in propa-
gating bottom-up (nutrient loading) effects in the food
web, because it emphasizes vertical over horizontal
interactions and enables us to identify the bottom-up
(Kp,i)) keystone position of a species.

B

Kpe=(1+K})/dg
+(1+Kpp)/dyp

=15

Kp,p = (1 +Ky, p)/dp
=0.5

Ky =(1+K,p)/dg
+(1+Kpp)/dp

Kpa=(1+Kyp)/de Kyp=(1+Kypp)/d
b,A b,E E b,B b,E E =2.333

=0.833 =0.833

Fig. 2. Calculation of the bottom-up keystone index (Jordan et
al. 1999). The index is zero for top predators (Group G, F) by de-
finition, and subsequently calculated for their prey (see Table 3)
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RESULTS AND DISCUSSION
Structure of the generic food web

Based on our literature review, 26 ‘trophic’ groups—
19 tropho-species and 7 nutrient pools—were identi-
fied as relevant in temperate coastal ecosystems (Fig. 3,
Table 1). The basic definition of tropho-species was
based on their metabolism (autotrophic, heterotrophic)
and size, since these are the main determinants of
their trophic roles. This classification was expanded,
as organisms of similar size may differ in prey selection
or trophic fate.

We defined 5 phytoplankton groups, based on their
bottom-up and top-down characteristics (Fig. 3). These
are picoplankton PicoPl (e.g. Synechococcus spp.,
Prochlorococcus spp., picoeukaryotes), autotrophic fla-
gellates AutNanFl (nano-sized phytoplankton belong-
ing to haptophytes, chrysophytes, cryptophytes, pra-
sinophytes), large autotrophic flagellates LAutFl (e.g.
non-toxic dinoflagellates Ceratium spp.), diatoms Diat,
and inedible blooming (HAB) algae InedAlg. The latter

was defined on the basis of the ‘loophole’ hypothesis
(Bakun & Broad 2003), i.e. blooming species are
defined as those capable of escaping predation con-
trols by zooplankton because of their size, shape or
toxicity (Irigoien et al. 2005). InedAlg thus include algae
forming high biomass blooms (e.g. Phaeocystis globosa
colonies) and toxic species (haptophytes, e.g. Prymne-
sium parvum, Chrysochromulina polylepis; raphido-
phytes, e.g. Heterosigma akashiwo; dinoflagellates,
e.g. Alexandrium spp., Karenia brevis; cyanobacteria,
e.g. Nodularia spumigena). Phytoplankton, on the other
hand, may remain ungrazed if zooplankton is heavily
controlled by predators (Daskalov 2002). The harmful
effects of InedAlg and ungrazed edible phytoplankton
will be discussed separately (see 'Structural analysis:
Consequences of human impacts’).

The microbial network (Fig. 3) rests on the bacterial
utilization of organic matter in the water column and
the consumption of small auto- and heterotrophic
groups, generally one order of magnitude smaller than
themselves (Sheldon et al. 1972). Free-living bacteria
FreeBac utilize dissolved organic matter (DOM), while

®
O ®

&

@

a \% /‘
v \\“ .
| | + v * I + v v v v v

Fig. 3. Generic structure of the pelagic food web. Circles represent trophic groups and arrows represent mass transfers between

trophic groups. Acronyms defined in Table 1. Red: harmful groups; purple: viruses; dark green: linear food chain; light green and

light brown: microbial food web (light brown: bacteria); blue: inorganic nutrients; brown: organic nutrients; black: exchange with
the sediment. Arrows have the same color as the recipient group
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bacteria attached to detrital particles POM-Bac hydro-
lyze particulate organic matter POM and release DOM
into the surrounding water. Both bacterial groups,
along with picoplankton, support the growth of hetero-
trophic nanoflagellates HetNanoFl, which are in turn
consumed by microzooplankton pZooPI (ciliates, dino-
flagellates, copepod nauplii and copepodits I-II), to-
gether with AutNanFI (Fig. 3).

The higher trophic levels include mesozooplankton
MesoZooP!| (mainly copepods and copepodits III & IV)
that graze on large phytoplankton (LAutFl and Diat)
and pZooPI (Fig. 3). In eutrophicated coastal waters,
MesoZooPl may be outnumbered by the omnivorous
dinoflagellate Noctiluca that forms red-tide (occasion-
ally green-tide) blooms, which significantly influence
the functioning of the ecosystem (e.g. Yilmaz et al.
2005). When blooming, Noctiluca is toxic to fish be-
cause of its release of ammonium (Okaichi & Nishio
1976). The unsaturated feeding function determined
for Noctiluca when growing under laboratory condi-
tions with different prey (E. Breton pers. comm.), sug-
gests that Noctiluca has a great potential to benefit
from an increased phytoplankton biomass in eutrophi-
cated waters. Accordingly, Noctiluca has been reported
as an important indicator of anthropogenic influence
(Daskalov 2003).

The food requirements of top predators, like piscivo-
rous fish species PiscFish, are fulfilled by planktivorous
PIvFish and benthic-feeding BentFish fish. PIvFish com-
pete for MesoZooPl with Jellyfish (members of the
Cnidaria and Ctenophora), the third harmful trophic
group (Fig. 3). Jellyfish are undesirable for humans,
since they compete with PIvFish and, being a trophic
dead end, they do not transfer energy and nutrients
towards the top predators.

At the base of the food web, viruses are responsible
for much of the bacterial mortality and the decay of
phytoplankton blooms; their role in nutrient regenera-
tion is thus far from negligible (Thingstad et al. 1993).
In this study we consider 4 host-specific groups of
viruses susceptible of infesting Diat, InedAlg, FreeBac
and Noctiluca. Diat and InedAlg were chosen on the
basis of their ability to form huge transient blooms.
Viruses infesting attached bacteria were not considered
due to the generally low number of their hosts (Azam
et al. 1983, Becquevort et al. 1998). Despite a lack of lit-
erature evidence, Noctiluca-specific viruses were
included in this study because of the observed high
density and sudden collapse of Noctiluca blooms that
might indicate a viral attack (Beltrami & Carroll 1994).

The generic food web included 7 nutrient pools
(Fig. 3). All 4 inorganic nutrient pools (ammonium NH4,
nitrate NO3, phosphate PO4 and silicic acid Si), which
support phytoplankton growth, exchange with the sedi-
ment, and NH4 and PO4 are remineralized by hetero-

trophic components of the food web (FreeBac, POM-
Bac, HetNanoFI, pZooPI, MesoZooPI, Noctiluca). Larger
heterotrophic organisms (Jellyfish, PlvFish, BentFish and
PiscFish) remineralize nutrients only to a negligible
extent, because of their relatively low biomass (Schnei-
der 1990, Hudson et al. 1999).

The detrital organic matter is composed of dissolved
(DOM) and particulate POM forms. Two pools of DOM
are distinguished on the basis of their biodegradabil-
ity: labile LDOM and semi-labile SDOM (Fig. 3). Direct
excretion by all phytoplankton groups flows to LDOM
and is easily accessible for FreeBac. Other processes,
namely overflow during nutrient limitation from phyto-
plankton, stress lysis or viral lysis, egestion, sloppy
feeding and fecal pellet production, contributes to all
3 organic pools (LDOM, SDOM, POM).

The structure of this generic pelagic food web of
temperate coastal ecosystems is basically the same in
different ecosystems, but the dominance of trophic
groups or pathways changes in line with environmen-
tal conditions.

Structural analysis
Role of harmful species

The trophic role of the 3 harmful species (InedAlg,
Noctiluca, Jellyfish) was determined on the basis of
pairwise interactions between the components of the
generic food web (Table 2).

InedAlg (Fig. 4a) has a strong negative effect on all
phytoplankton groups, due to competition for inor-
ganic nutrients. On the other hand, InedAlg positively
influences the lower food web (FreeBac, POM-Bac,
HetNanoFl) through the release of organic matter after
viral and stress lysis, but unlike other large-sized
phytoplankters (LAutFl, Diat), it negatively affects the
higher food web (MesoZooPI, PIvFish, PiscFish; Fig. 4a).
This result is supported by the low trophic efficiency
estimated for a Phaeocystis-dominated food web in the
North Sea, and explained by the important flow of pri-
mary products throughout the bacterial loop (Rousseau
et al. 2000).

The role of Noctiluca in the web is ambiguous
(Fig. 4b). It impacts MesoZooPI negatively, but 1 order
of magnitude less than InedAlg (Fig. 4a,b); Noctiluca
and MesoZooPI| compete, however, for the same prey
(Diat). Thus, we expect that any increase in Noctiluca
biomass exerts a slightly negative effect on MesoZooPI
and—as a consequence—on fishes. This result can
possibly be explained with the intensive and short
nutrient cycles at the very basis of the food web, in
which Noctiluca is involved. The direct nutrient cata-
bolic release associated to Noctiluca growth, and the
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Table 2. Pairwise interactions between components of the generic food web, quantified as mixed trophic impacts (m;; values). See Table 1
for abbreviations

To PicoPI Aut LAutFI Diat InedAlg Free POM-Bac Het pZooPl  Meso Noctiluca Jelly PIvFish
Fron& NanoFlI Bac NanoFl ZooPI fish
PicoPlI -0.2570 -0.1208 -0.0689 -0.0393 -0.0608 -0.0292 -0.0672 0.1758 0.0397 -0.0122 -0.0070 -0.0122 -0.0091
AutNanoF| 0.0818 -0.3272 -0.1070 -0.0460 -0.0693 0.0402 0.0594 -0.1743 0.2347 0.0145 -0.0276 0.0145 0.0109
LAutFI -0.1388 -0.0058 -0.2130 -0.0641 -0.0762 -0.0079 -0.0288 0.0373 -0.0958 0.1115 -0.0278 0.1115 0.0836
Diat -0.0899 0.0118 -0.1180 -0.3770 -0.0276 0.0495 0.0532 0.0530 -0.0487 0.0811 0.2635 0.0811 0.0608
InedAlg -0.0930 -0.0674 -0.0557 -0.0388 -0.3052 0.0413 0.0915 0.0194 -0.0061 -0.0179 0.0234 -0.0179 -0.0134
FreeBac -0.0438 0.0106 0.0309 0.0178 0.0344 -0.5940 0.0123 0.0896 0.0352 0.0149 0.0281 0.0149 0.0112

POM-Bac -0.0829 0.0135 0.0459 0.0414 0.0538 -0.0077 -0.2707 0.1547 0.0582 0.0259 -0.0570 0.0259 0.0194
HetNanoFl  -0.4504 -0.0711 0.0698 0.0475 0.0942 -0.0856 -0.1461 -0.4240 0.1967 0.0558 0.0710 0.0558 0.0419
pZooPI 0.3773 -0.4601 -0.0296 0.0182 0.0458 0.0817 0.1559 -0.3162 -0.4788 0.0906 0.0060 0.0906 0.0680
MesoZooPl -0.0959 0.2740 -0.3625 -0.0268 0.0482 -0.0215 -0.0310 0.1602 -0.2097 -0.5732 0.0084 0.4268 0.3201
Noctiluca 0.0512 0.0315 0.0480 -0.0718 0.0348 0.0479 -0.0691 -0.0049 0.0149 -0.0016 -0.3038 -0.0016 -0.0012

Jellyfish 0.0480 -0.1370 0.1813 0.0134 -0.0241 0.0107 0.0155 -0.0801 0.1049 -0.2134 -0.0042 -0.2134 -0.1601
PIvFish 0.0360 -0.1028 0.1359 0.0100 -0.0181 0.0081 0.0116 -0.0601 0.0786 -0.1601 -0.0031 -0.1601 -0.3701
BentFish -0.0120 0.0343 -0.0453 -0.0033 0.0060 -0.0027 -0.0039 0.0200 -0.0262 0.0534 0.0010 0.0534 -0.2100
PiscFish -0.0240 0.0685 -0.0906 -0.0067 0.0121 -0.0054 -0.0078 0.0401 -0.0524 0.1067 0.0021 0.1067 -0.4200
VirDiat 0.0086 0.0014 0.0332 -0.1226 0.0155 0.0258 0.0599 0.0121 0.0193 -0.0125 -0.0212 -0.0125 -0.0094
VirlnedAlg 0.0216  0.0263 0.0281 0.0150 -0.2216 0.0219 0.0400 0.0163 0.0116 0.0097 0.0237 0.0097 0.0073
VirBac 0.0125 -0.0015 -0.0059 -0.0068 -0.0072 -0.1673 0.0643 -0.0221 -0.0081 -0.0037 0.0174 -0.0037 -0.0028
VirNoc -0.0265 -0.0067 -0.0064 0.0260 -0.0016 0.0197 0.0936 0.0244 0.0046 0.0043 -0.2006 0.0043 0.0032
LDOM -0.0219 0.0053 0.0155 0.0089 0.0172 0.2030 0.0062 0.0448 0.0176 0.0075 0.0140 0.0075 0.0056
SDOM -0.0219 0.0053 0.0155 0.0089 0.0172 0.2030 0.0062 0.0448 0.0176 0.0075 0.0140 0.0075 0.0056
POM -0.0573 0.0292 0.0698 0.0055 0.0712 0.0162 0.6947 0.1522 0.0657 0.0251 0.2911 0.0251 0.0188
NH4 0.1752 0.1626 0.1556 0.0930 0.1559 0.0272 0.0316 0.0327 0.0453 0.0523 0.0529 0.0523 0.0392
PO4 0.1752 0.1626 0.1556 0.0930 0.1559 0.0272 0.0316 0.0327 0.0453 0.0523 0.0529 0.0523 0.0392
NO3 0.1752 0.1626 0.1556 0.0930 0.1559 0.0272 0.0316 0.0327 0.0453 0.0523 0.0529 0.0523 0.0392
Si -0.0225 0.0030 -0.0295 0.1558 -0.0069 0.0124 0.0133 0.0133 -0.0122 0.0203 0.0659 0.0203 0.0152
Y) BentFish PiscFish VirDiat Vir VirBac VirNoc LDOM SDOM POM NH4 PO4 NO3 Si

From InedAlg

PicoPI 0.0030 -0.0030 -0.0393 -0.0608 -0.0292 -0.0070 0.0687 0.0195 0.0207 -0.0764 -0.0764 -0.0906 0.0393
AutNanoFI -0.0036 0.0036 -0.0460 -0.0693 0.0402 -0.0276 -0.0035 -0.0503 -0.0277 -0.0855 -0.0855 -0.1065 0.0460
LAuUtFI -0.0279 0.0279 -0.0641 -0.0762 -0.0079 -0.0278 0.0349 -0.0212 -0.0102 -0.1021 -0.1021 -0.1004 0.0641
Diat -0.0203 0.0203 0.6230 -0.0276 0.0495 0.2635 0.0779 0.1237 0.0797 -0.0154 -0.0154 -0.0799 -0.6230
InedAlg 0.0045 -0.0045 -0.0388 0.6948 0.0413 0.0234 0.0494 0.0939 0.1012 -0.0663 -0.0663 -0.0880 0.0388
FreeBac -0.0037 0.0037 0.0178 0.0344 0.4060 0.0281 -0.3518 -0.3406 0.0571 0.0738 0.0738 -0.0100 -0.0178

POM-Bac -0.0065 0.0065 0.0414 0.0538 -0.0077 -0.0570 0.0295 0.1020 -0.1934 0.1147 0.1147 -0.0143 -0.0414
HetNanoFl  -0.0140 0.0140 0.0475 0.0942 -0.0856 0.0710 0.1407 0.1785 0.1419 0.1574 0.1574 0.0620 -0.0475
pZooPI -0.0227 0.0227 0.0182 0.0458 0.0817 0.0060 -0.0506 -0.0205 -0.0022 0.0867 0.0867 0.0097 -0.0182
MesoZooPl -0.1067 0.1067 -0.0268 0.0482 -0.0215 0.0084 0.0393 0.0565 0.0491 0.0802 0.0802 0.0326 0.0268
Noctiluca 0.0004 -0.0004 -0.0718 0.0348 0.0479 0.6962 0.0679 0.0708 -0.0716 0.0789 0.0789 -0.0187 0.0718

Jellyfish 0.0534 -0.0534 0.0134 -0.0241 0.0107 -0.0042 -0.0196 -0.0282 -0.0246 -0.0401 -0.0401 -0.0163 -0.0134
PIvFish -0.2100  0.2100 0.0100 -0.0181 0.0081 -0.0031 -0.0147 -0.0212 -0.0184 -0.0301 -0.0301 -0.0122 -0.0100
BentFish -0.2633  0.2633 -0.0033 0.0060 -0.0027 0.0010 0.0049 0.0071 0.0061 0.0100 0.0100 0.0041 0.0033
PiscFish -0.5267 -0.4733 -0.0067 0.0121 -0.0054 0.0021 0.0098 0.0141 0.0123 0.0200 0.0200 0.0081 0.0067
VirDiat 0.0031 -0.0031 -0.1226 0.0155 0.0258 -0.0212 0.0382 0.0513 0.0659 0.0247 0.0247 0.0128 0.1226
VirlnedAlg -0.0024 0.0024 0.0150 -0.2216 0.0219 0.0237 0.0373 0.0448 0.0481 0.0437 0.0437 0.0261 -0.0150
VirBac 0.0009 -0.0009 -0.0068 -0.0072 -0.1673 0.0174 0.2297 0.2464 0.0533 -0.0153 -0.0153 0.0018 0.0068
VirNoc -0.0011 0.0011 0.0260 -0.0016 0.0197 -0.2006 0.0311 0.0525 0.1057 -0.0047 -0.0047 0.0030 -0.0260
LDOM -0.0019 0.0019 0.0089 0.0172 0.2030 0.0140 -0.1759 -0.1703 0.0286 0.0369 0.0369 -0.0050 -0.0089
SDOM -0.0019 0.0019 0.0089 0.0172 0.2030 0.0140 -0.1759 -0.1703 0.0286 0.0369 0.0369 -0.0050 -0.0089
POM -0.0063 0.0063 0.0055 0.0712 0.0162 0.2911 0.0635 0.1374 -0.2292 0.1542 0.1542 -0.0237 -0.0055
NH4 -0.0131 0.0131 0.0930 0.1559 0.0272 0.0529 0.0693 0.0449 0.0479 -0.1139 -0.1139 -0.1485 -0.0930
PO4 -0.0131 0.0131 0.0930 0.1559 0.0272 0.0529 0.0693 0.0449 0.0479 -0.1139 -0.1139 -0.1485 -0.0930
NO3 -0.0131 0.0131 0.0930 0.1559 0.0272 0.0529 0.0693 0.0449 0.0479 -0.1139 -0.1139 -0.1485 -0.0930

Si -0.0051 0.0051 0.1558 -0.0069 0.0124 0.0659 0.0195 0.0309 0.0199 -0.0038 -0.0038 -0.0200 -0.1558
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Fig. 4. Mixed trophic impact of harmful tropho-species. Colors explained in Fig. 3; see Table 1 for abbreviations

bacterial mineralization of Noctiluca lysis products, can
support diatom growth, but more importantly, other
phytoplankton groups as well. Such a promotion of
phytoplankton, combined with the stimulation of
bacteria, is—through many pathways—beneficial to
fishes. These longer pathways may at least partially
replace the diatom pathway, which is disrupted by
Noctiluca. Hence, nutrient remineralization appears to

be the main trophic role of Noctiluca in the food web,
as suggested for North Sea blooms by Schoemann et
al. (1998).

Jellyfish affect MesoZooPl more negatively than
fishes do, and as a consequence, the same applies to
the inorganic and organic nutrient pools (Fig. 4c).
Jellyfish may thus play a buffer role for nutrients, as
recently hypothesized for a coastal lagoon ecosystem
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(Fernandez et al. 2005). In addition, Jellyfish are likely
to impede InedAlg and Noctiluca, preventing their
blooms by taking up and storing nutrients, and disrupt-
ing nutrient cycling in the water column. Thus, from a
human perspective, Jellyfish could play a beneficial
role in eutrophicated and heavily overfished ecosys-
tems. However, Jellyfish are more voracious predators
of MesoZooPI than are PlvFish, both because of their
feeding characteristics and because they are not con-
trolled by predators (Fig. 4c; cf. Fig. 6a). If Jellyfish out-
compete PIvFish, the top-down cascade originating
from the upper trophic level is reinforced and leads to
a massive accumulation of large phytoplankton bio-
mass (Diat and LAutFl), if nutrient concentrations are
high enough (Daskalov 2003). At low nutrient concen-
trations, the 4-step trophic chain AutNanoFl-pZooPI-
MesoZooPI-Jellyfish prevails in the system and an in-
creased level of jellyfish predation leads to a decrease
in total phytoplankton biomass. In eutrophicated
waters, however, large algae and the 3-step chain
Diat/LAutFI-MesoZooPI-Jellyfish are of greater impor-
tance, and the cascading effects of jellyfish predation
on copepods lead to increased total phytoplankton
biomass (Stibor et al. 2004). Mass sedimentation of
ungrazed phytoplankton biomass may result in hypoxia
or anoxia near the bottom (Cloern 2001). These and the
strong negative effects on fish and fisheries due to
resource competition (see Shiganova 1998 for field evi-
dence from the Black Sea) make jellyfish an undesired
group, from a human perspective.

Consequences of human impacts

Human eutrophication and overfishing affect the
food web at several nodes. An increased loading of
inorganic (NH4, PO4, NO3) and organic nutrients
(LDOM, SDOM, POM) disturbs the food web at the bot-
tom, while fishing pressure modifies top predators (Plv-
Fish, PiscFish). In order to understand how these
human impacts may affect the ecosystem, we have
analyzed the role these groups play in the food web,
with a focus on harmful tropho-species.

Increased nutrient load. Nutrients NH4, PO4 and
NOS3 are beneficial to all tropho-species except Bent-
Fish (since it feeds on prey from outside the pelagic
community; Fig. 5a). InedAlg and Jellyfish seem to be
favored, compared to Diat and PIvFish (Fig. 5a). This
suggests that an increase in inorganic nutrient input
will enhance a disproportional biomass development
of these undesired species. Noctiluca indirectly bene-
fits from inorganic N and P enrichment and, in turn,
contributes to this pool with remineralization processes
associated with its metabolism. This process is a gen-
eral feature of heterotrophic tropho-species, including

MesoZooPI. The relative importance of these 2 nutrient
cycles may lead to alternative stable states of the
ecosystem at high inorganic nutrient levels: one associ-
ated with high MesoZooPI, and one with high Noctiluca
biomass. The dominance of Noctiluca can be explained
by the unexpected result that—even though both
groups are direct competitors for Diat—MesoZooPI
favors Noctiluca growth through its contribution to
POM (Fig. 3), as reported by Kierboe (2003).

A confusing result is that inorganic N and P are in-
creasingly more beneficial to small phytoplankton
(Fig. 5a), since every phytoplankton group supports its
heterotrophic grazer and the subsequent trophic levels
above. Small phytoplankton organisms thus indirectly
promote the grazers of their larger competitors. The
pattern in our model contradicts the general observa-
tion that small phytoplankton is dominant in oligo-
trophic waters, while eutrophicated waters are domi-
nated by large phytoplankton. This may be an artifact
resulting from the simplicity of our model, since
dynamical information is lost in structural network
analyses. More specifically, the latter cannot account
for time lags in the response of predators to changes in
prey abundance. Even if the entire prey biomass is
consumed in the end, a predator responding with a sig-
nificant time lag to an increased abundance of prey
will allow the prey to develop in a way that mitigates
the predator's effects; this feature is not captured by
structural network analysis. The observed fact that
small predators respond faster to increases in small
phytoplankters may counterbalance the advantage
that small algae have due to their high competitive
abilities for low nutrients (Fogg 1995) and their posi-
tion in the food web. Further research is needed for
understanding this phenomenon.

All harmful groups (InedAlg, Noctiluca, Jellyfish) ben-
efit more from organic nutrient enrichment (LDOM,
SDOM, POM) than their respective ‘desired’ competi-
tor, Diat, MesoZooPI, PIvFish (Fig. 5b,c). Thus, a sus-
tained increase of organic matter may be responsible
for the observed disproportional increase in the bio-
mass of the undesired groups. A marked difference
between these groups is the role of sink for organic
matter played by Jellyfish, while InedAlg and Noctiluca
constitute a source of organic matter throughout lysis
(Table 1; Fig. 3). As a consequence, InedAlg, Noctiluca
and DOM can increase simultaneously and constitute
an alternative stable state of the ecosystem.

Consequences of overfishing. Fish-driven trophic
cascades may have large effects in ecosystems (Pace
et al. 1999), and overfishing largely disturbs the food
web (fishing down: Pauly et al. 1998). According to
our calculations, PIvFish shows negative effects on
Jellyfish and, to a smaller extent, on InedAlg, Noctiluca
and all nutrients (Fig. 6a), but it positively affects
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Fig. 5. Mixed trophic impact of inorganic and organic nutrients: (a) NH,;, PO,, NOj3; (b) LDOM, SDOM,; (c) POM. Colors
explained in Fig. 3; see Table 1 for abbreviations

large phytoplankton (LAutFl and Diat). Therefore, Plv-
Fish overfishing would allow the development of
undesired groups (e.g. jellyfish blooms in the Black
Sea: Gucu 2002, Lancelot et al. 2002), and increased
concentrations of nutrients in the water column. The
effects of PIvFish overfishing are, therefore, similar to
those subsequent to nutrient enrichment, and syner-
gistically support harmful species, which results in a

rapid degradation of the ecosystem. Because of the
simplified interactions within the fish community in
our model, PiscFish exerts its effects entirely through
predation of PIVFish; this group has, thus, opposite
effects to PIvFish (Fig. 6b). PiscFish overfishing can
lead to blooms of Diat and LAutFl, which remain
ungrazed, because the predation pressure of PIvFish
tends to suppress MesoZooP| (Daskalov 2002, Jordédn
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& Wyatt 2006), similarly to what is described above
for jellyfish.

In summary, overfishing of PiscFish (under condi-
tions of nutrient enrichment) may lead to blooms of Diat
and LAutFl that remain ungrazed, but overfishing of
PlvFish may support harmful species (InedAlg, Noctiluca,
Jellyfish). Even in its simplicity, our analysis tentatively
explains why the consequences of overfishing in
coastal seas were not visible for so long. Historically,
overfishing of larger PiscFish was the first step (Pauly
et al. 1998), but the subsequent phytoplankton biomass
increase seemed to be related to the increase in nutri-
ent loads. However, after depletion of the larger Pisc-
Fish, fisheries have turned towards the smaller, but
numerous PIvFish (e.g. anchovy). With time, the effects
of nutrient enrichment and overfishing started to
develop in synergy, resulting in a very visible degrada-
tion of the ecosystem, characterized by HABs and jelly-
fish blooms. One remarkable example is the outburst
of Mnemiopsis leidyi in the Black Sea after strong
overfishing of anchovy in 1988 (Shiganova 1998).

Jellyfish

PIvFish
BentFish
PiscFish
VirDiat
VirinedAlg
VirBac
VirNoc
LDOM
SDOM
POM
NH4
PO4
NO3
Si

Colors explained in Fig. 3. See Table 1 for abbreviations

Positioning of harmful species

The position of harmful species in the food web is far
from random, as they disrupt the food web at each
basic trophic level: InedAlg increases the primary pro-
ducers' biomass, Noctiluca that of primary consumers
and Jellyfish to biomass of secondary consumers. All
these species appear to benefit more from nutrients
than their competitors, partly as a result of the absence
of predators. The increasing dominance of inedible
forms over edible ones in response to nutrient enrich-
ment has been demonstrated both theoretically (e.g.
Leibold 1996) and experimentally (e.g. Steiner 2001),
but other mechanisms are also involved. Harmful
groups are positioned in the network in a way that
enables them to exploit the most important bottom-up
controllers of the food web (Table 3), according to the
bottom-up component of the keystone index (Kj). The
most important bottom-up controls are reflected by the
highest values of K}, which gives an approximation of
the number of species that would disappear due to
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food shortage after the extinction of the given species.
According our calculation of the index of Jordéan et al.
(1999), the most important groups are: the inorganic
nutrients NH3, PO4, NO3 (consumed by InedAlg); Diat
and POM (consumed by Noctiluca), and MesoZooPI
(consumed by Jellyfish). The crucial position of harmful
species in the food web explains their strong undesired
effects in ecosystems.

Use of qualitative structural analysis of coastal
ecosystems

Since the literature data required for the establish-
ment of the trophic web was scarce, the results of our
structural network analysis are partly speculative.
In addition, the qualitative structural approach fails
where dynamic features determine the relationships
between trophic groups. Nevertheless, the agreement
between our model results and the conclusions of elab-
orate case studies supports the feasibility of the model
and underscores the overwhelming importance of the
food web structure in community dynamics.

The effects of nutrient loading and overfishing on
the 3 harmful tropho-species and their interactions are
summarized in Fig. 7. InedAlg blooms support the
microbial network and inhibit the transfer of nutrients
up the food web, including to commercially important
fish species (Fig. 7). The effect of Noctiluca on fishes is
less detrimental, since this dinoflagellate is involved in
short dynamic nutrient cycles at the base of the food
web, and this cycling supports small phytoplankton
and bacteria. The developing longer pathway from
minute producers to fishes may partially substitute the
short chain from diatoms.

In eutrophicated ecosystems, InedAlg and Noctiluca
blooms correspond to increased total phytoplankton

Table 3. Bottom-up importance of each trophic group in the
generic pelagic food web, calculated as the bottom-up com-
ponent of the keystone index (Jordan et al. 1999; cf. Fig. 2)

Trophic group K,
NH4, PO4, NO3 3.69
Diat 3.17
POM 2.69
MesoZooPI 2.50
FreeBac 1.69
LDOM, SDOM 1.35
LAutFI, pZooPI 1.17
AutNanoFI, HetNanoFI 1.08
Si 1.04
InedAlg, Noctiluca 1.00
PicoPIl, POM-Bac 0.69
PIvFish, BentFish 0.50
Jellyfish, PiscFish, VirDiat, VirinedAlg, 0
VirBac, VirNoc

biomass, supported by positive relationships between
elevated chlorophyll a levels, harmful blooms and
increased nutrient loading (Cloern 2001, Daskalov
2003). The InedAlg biomass directly contributes to the
chlorophyll level, while Noctiluca indirectly supports
all non-diatom phytoplankton species (Fig. 4b) with its
intensive nutrient regeneration and intensive feeding
on Diat. The shift from diatoms to non-siliceous algae
in response to eutrophication has been repeatedly
pointed out (e.g. Cloern 2001), but the possible contri-
bution of Noctiluca blooms to this shift is new. InedAlg
and Noctiluca are fundamentally interrelated in coastal
ecosystems, with many mechanisms ensuring the re-
cycling of nutrients in the water column instead of
exporting them to fishes.

On the other hand, InedAlg and Noctiluca inhibit
Jellyfish blooming (Fig. 7), because they retain nutri-
ents in the water column. Jellyfish is likely to act as
a buffer in eutrophicated and overfished systems,
since it forms an efficient sink of matter. As a conse-
quence, Jellyfish inhibits InedAlg and Noctiluca as well
(Fig. 7). At the same time, Jellyfish blooms lead to a
massive biomass accumulation of large phytoplankton
because of the reinforced trophic cascade.

Anthropogenic nutrient enrichment favors harmful
tropho-species (Fig. 7) more than it benefits desired
groups; this has far-reaching effects, because harmful
species hold a key position in the food web by exploit-

Fishery-PiscFish

Py

Fishery-PIvFish

Nutrient loading

Fig. 7. Diagram of relationships between harmful tropho-

species and anthropogenic impacts. Solid arrows: positive

effects; dashed arrows: negative effects; double-headed ar-

rows: reciprocal relationship. Width of arrows is proportional
to the strength of the calculated trophic impacts
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ing the most important bottom-up controllers. Accord-
ing to our calculations, the trophic level at which over-
fishing occurs is of crucial importance, as previously
suggested by e.g. Pauly et al. (1998). The earlier
overfishing of PiscFish appears to sustain blooms of
diatoms and other large algae that remain ungrazed,
while the present overfishing of PIvFish supports HAB-
species and jellies, acting synergistically with nutrient
enrichment.

Calculations with modified versions of the web
employed in this study (without viruses, without harm-
ful groups, version for the North Sea: V. Vasas et al.
unpubl.) indicate that the main conclusions and inter-
action pathways are robust. Still, we emphasize that
the results in this study are not meant as absolute num-
bers, but rather as characteristic constraints inherent to
the structure of the generic food web. The relative
importance of these pathways may be quite different,
depending on the environmental conditions of the
ecosystem, and the next step is a comparison of sys-
tems with different structural properties. Moreover,
the various roles of nutrients and the effects of unbal-
anced nutrient enrichment could be examined in the
future, based on comparisons of the same web in terms
of nitrogen, phosphorus and silica. Major changes to
ecosystem state often occur above certain thresholds of
stress (Scheffer et al. 2001), and a search for the struc-
tural causes behind them is promising. Ecosystems that
show threshold behavior are a great challenge to man-
agement, and the context described here will serve as
a basis to study possible mechanisms of thresholds in
pelagic nearshore food webs.
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