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EXECUTIVE SUMMARY

Changes in benthic communities in bays and estuaries in response to eutrophication
have occurred world-wide. General patterns of change include a shift in primary
producers from large macrophytes, which are capable of nutrient storage and are more
competitive at low ambient nutrient concentrations, towards ephemeral algae and
phytoplankton which are more competitive at high nutrient loadings, and in the case of
secondary producers, from large fauna towards small, opportunists, generally
dominated by deposit-feeding polychaetes. Although these patterns are frequently
described for marine systems in the literature, they have rarely been empirically linked
to nutrient enrichment. This report reviews available evidence for empirical
relationships between water - column and sediment pore-water quality and biological
parameters for seagrasses, macroalgae, periphyton and benthic microalgae, benthic
macrofauna and fish. The scope of this review is restricted to environments which are
comparable to Port Phillip Bay.

In the case of seagrasses, there are no consistent links between nitrogen
concentrations and either seagrass shoot density, biomass or production. Although
seagrass shoot density can display a negative log-linear relationship with pore-water
ammonium concentrations, relationships between other seagrass growth parameters
and water and sediment nitrogen concentrations are not clear. In contrast, seagrass
growth parameters show strong positive relationships to irradiance and hence negative
relationships to light attenuation. Epiphytes have demonstrable negative effects on
seagrass production by blocking light access to the leaves. Nutrients are more likely,
therefore, to have indirect effects on seagrass growth by promoting epiphyte growth
and/or water column turbidity, both of which would reduce light reaching the seagrass
leaves.

For macroalgae, relationships between nitrogen concentrations and growth and
production vary. At relatively coarse scales, the relationship between nitrogen
concentrations and macroalgal biomass varies from highly positive to negative. Fine-
scale laboratory studies provide equally variable results. Thus, although macroalgal
biomass and production was expected to be positively related to nutrient
concentration, processes such as luxury uptake and storage when nutrients are
available, the use of stored nutrients for growth during periods of nutrient stress, and
nutrient release during decomposition, confound this relationship. Macroalgal biomass
and production are strongly related to irradiance, but this response is influenced by
other factors, in particular seasonal differences in physiological conditioning.

For microalgae, relationships with nitrogen concentrations are not consistent.

Periphytic microalgae, growing on seagrass leaves, have generally negative
relationships with nitrogen concentration but this may reflect changes in habitat space
provided by the host seagrass. Changes in benthic microalgae are generally not related
to nitrogen concentration but are influenced by other factors such as light,

temperature, tidal regime, wave exposure and sediment-type.

Relationships between macrofaunal density, biomass and production are not clear
except at relatively coarse scales from data collected over long time periods. In
addition, transitions between trophic or taxonomic groups in relation to nutrient
concentrations are not evident from the data available. By contrast, macrofaunal



abundance is strongly related to water column oxygen concentrations. The effects of
nutrients on macrofauna are hence likely to be indirect. They may initially stimulate
macrofauna by providing more food resources, but cause long-term decline due to the
decomposition of organic matter and subsequent anoxia in the water column.

Although positive relationships between primary production and fisheries yield have
been described in the literature, direct empirical relationships between environmental
nitrogen concentrations and fisheries yield have not been established. However, as for
macrofauna, water column oxygen concentrations have direct and critical impacts on
fish populations. Hence, the effects of nutrients on fish are likely to be indirect and
related to processes which deplete water column oxygen levels, e.g. enhanced primary
production with consequent increased organic loading to the benthic zone.

Benthic organisms have a variety of effects on their environment. For example,
seagrasses influence water and sediment quality through the direct uptake of nutrients
from the water column and sediments, by trapping suspended particles and by
promotion of nitrification and denitrification in the sediments. Macroalgae may have
direct effects on water column nutrient concentrations due to uptake during growth
and release during decomposition. The decomposition of macroalgae can cause
depletion of water column oxygen leading to anoxia, with resultant impacts on benthic
fauna and on sediment nutrient flux. Microalgae are highly productive and oxygen
generated from their photosynthesis can promote nitrification.

Benthic suspension-feeders, by filtering phytoplankton or suspended particles and
hence reducing water turbidity, can have direct positive effects on benthic primary
production. Conversely, suspension-feeders may have indirect negative effects on
benthic primary production by promoting the recycling of nitrogen which is then
available for phytoplankton, thus increasing water column turbidity. Infaunal deposit-
feeders directly promote the flux of ammonium from the sediments by excretion and
burrow irrigation and also aerate the sediments through bioturbation thereby
promoting nitrification. Deposit-feeders may therefore have both positive and negative
effects on the flux of ammonium from the sediments.

In conclusion, although general paradigms of community change in response to
eutrophication are accepted in the literature, the demonstration of empirical links with
changing environmental nutrient concentrations is difficult. This may be partially
explained by the limitations of field studies in terms of their methodology, suite of
parameters measured and the temporal and spatial scales over which the study was
carried out. This may be further confounded by the effects of other environmental
factors which have more direct influence over benthic communities or by the
biological processes of organisms in structuring their environment. More rigorous
testing of the paradigms is required.



TABLE OF CONTENTS

Page No

EXECULIVE SUMMAN ... et e e e e e e e 2......
Table Of CONENIS. . ... en 4.
S 0 ) =1 L SRR 6........
1. INTRODUCTIO N ..ottt e e e e e e e e e e e e s e s s s eeeeeaeaaeaaaeaaeaeas Lo.....
1.1. BACKQIOUD. ...t e e e e e e e e e e Do
i Yo o] - J PR OPPTTPPRY ASPPRT
1.3. Treatment Of dal...........ooooiiiiiiiiiiiii e e Do
2. BENTHIC COMMUNITY RESPONSE TO WATER AND SEDIMENT

QUALITY PARAMETER  S...ooiiiiiiiiiiiiiieiiet e 10....
2.1. Patterns of benthic community change resulting from eutropmcatio........... 10
2.2. Critical environmental and ecological parameters and the spatial and temporal

scales over which they Operate............ccoovviiiiieieiiicrere e 11..
2.3, SBAQIASSES. .. iittii ittt ettt 14..........
2.4, MACTOAIGAL . ....euveeieeiiiieee ettt e e e e e e e e e e e 17.....
2.5, MICIOAIQAE. ... i i it e e e e e e e e e e e araaaa 20.......
2.6. PeriPRYLO.......uiiiie e 20.....
2.7. BenthiC MICro@algae. ............uuuuuiiiiiiiiiiiiiieee e 20.......
2.8. BenthiC MacCrofauna...........ouuuiiiiiiiiiiie e 22.......
P2 B T 2 PP PEUPPUPRRR 26.......

3. FEED-BACK EFFECTS OF BENTHIC COMMUNITIES ON

WATER AND SEDIMENT QUALIT Yoot 29,
.. SBAQIASSES. .. ittt iiieti ettt 29..........
3.2, MACTOAIGAL ...ttt ettt e e 31.....

G0 T |V [ ot {01 o = 1= PSP 32.......



3.4. BenthiC MaCrOfAUNAL. .. .. e e 4.

3.4.1. SUSPENSION-TEEEEL........uuiiiiiiiee e i i e e e e s s rr e e e e e s s s et e e e e e e e e e annm 34.......
3.4.2. DEPOSIE-FEEUBE......eiiiiitiiiee ettt e et e e eee e 35.......
3.4.3. Interactions between deposit-feeders and suspension-feeders and implications for
POIt PRIllID Ba ...t 31.......
4. CONCLUSIONS. ... e e e et e e e e e anm 40.....
5. ACKNOWLEDGMENT St 42...
6. REFERENCGES. ... .o e e 43.....
7. TABLES . ... et eaa 6l......

8. FIGURE CAPTIONS. .. ..o 90...



Table 1:

Table 2:

Table 3:

Table 4:

Table 5:

LIST OF TABLES

Page No.
Synopsis of information on changes in seagrass communities in relation to changes in water or
SEAIMENT QUAIILY . ..veeeeeeeee e e e e e e e e e s s r e e e e e aeeesesssnnnnrenreereaaas 61.......
Synopsis of information on changes in macroalgal communities in relation to changes in water
OF SEAIMENT QUAIILY.......eeeeiiiiiiie it siree e e snnee e el D
Synopsis of information on changes in benthic microalgal communities in relation to changes in
water or Sediment QUAIILY.........ccueeeiiiiiiieeiiiiee e d B
Synopsis of information on changes in macrofaunal communities in relation to changes in water
OF SEAIMENT QUAIILY.......eeiiiiieiie e e s e e e e e e e e s s b rr e e e e e e e e e sannnes 80.........
Synopsis of information on changes in fish communities in relation to changes in water or

SEAIMENT QUAIILY ... eeee ettt e e et e e e e b e e e ean 81.......



1. INTRODUCTION

1.1. Background

The Port Phillip Bay Environmental Study (PPBES) was commenced in 1992 with the
objective of determining the environmental status of the Bay in relation to nutrients
and toxicants, and providing a basis for the long-term management of point source and
diffuse inputs. The study uses a systems approach to provide scientific information on
the Bay which is fundamental to addressing the management issues that have been
identified by the consortium group of Victorian agencies responsible for Bay
management.

A major component of the study, which is crucial for coordinated management, is the
development of a series of nutrient and toxicant budget models. These are being
integrated with the physical processes of the Bay and ecosystem impacts are to be
derived from these integrated models as a series of empirical relationships. The Study
has avoided a totally process-based approach in favour of an empirical approach at
higher trophic levels because of the complexity of higher trophic processes. Hence the
model must draw on empirical or correlative relationships established in the Bay or
other similar environments.

A knowledge of empirical relationships between the benthic communities of the Bay
and water and sediment quality was seen as fundamental for the prediction of impacts
on those communities if integrated models were to be used. Although there have been
several reviews on the effects of nutrients on the marine environment (Pearson and
Rosenberg, 1978; Nixcetal., 1986; Gray, 1992; Gabric and Bell, 1993; Goldberg,

1993) and toxicants (Reynoldson, 1987; Colodey and Wells, 1992; Goldberg, 1993)
much of the information has been derived from qualitative comparisons rather than
statistically sound quantitative data. Consequently there was a need to review available
information selectively. In addition, due to the enormous literature, it was decided to
concentrate the present review on nutrient-related impacts on the benthic communities
given that PPBES results suggest that toxicants in the Bay cause less impact than
nutrient loads.

The aim of this report is to review the available information on changes in benthic
communities in response to water or sediment quality in temperate marine
embayments. We also examine the converse, i.e. feedback relationships between the
benthic community the sediment and the water column.

1.2. Scope

This review addresses benthic communities similar to those in Port Phillip Bay which
have been identified by the PPBES Technical Group as either commercially important
or ecologically significant and vulnerable. These communities include:

Seagrasses. These marine angiosperms stabilise inshore sediments @ahseca
1982), contribute to nutrient cycling (Hemmingfieal., 1991), provide a habitat
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for a diverse assemblage of algal epiphytes (Duekal, 1977) and fauna
(Howardet al, 1989) and contribute to drift-weed which is considered a public
nuisance when washed up as beach wrack on suburban beaches (Davies and
Brown, 1986).

Macroalgae and microalgae. The macroalgae contribute to primary production
(Moncreiff etal., 1992), are a habitat for fauna (Edgar, 1983), and also
contribute to beach wrack (Davies and Brown, 1986). Benthic microalgae
contribute to primary production (Daehniekal., 1992), regulate nitrogen flux
from the sediments (Sundbéekal., 1991), and are an important nutritional
source for benthic deposit feeders (Murphy and Kremer, 1992).

Macroinvertebrates. These include benthic suspension-feeders and deposit-feeders.
Suspension-feeders promote water clarity as they filter organic particles from the
water column (Hatchestal., 1994; Asmugtal., 1995). Deposit-feeders
consume benthic organic material and may bioturbate or bioirrigate the sediment
through their burrowing and feeding activities (Bird, 1994). Other benthic
macroinvertebrates of particular importance, such as abalone which are
commercially important, or introduced species, such as the polychaete worm
Sabellaspallanzanij which may have detrimental effects on the natural ecology
of the Bay, are included in this discussion.

Fish. These are included because they are commercially important and can represent
an important feed-back link between eutrophication of coastal waters and human
activities (Nicholson, 1992).

Benthic communities that are not included in the review include meiofauna and
bacteria. Meiofauna have received relatively little attention in Port Phillip Bay or any
other Australian waters even though their role in promoting nutrient cycling through
predation of microscopic autotrophs (Kristensen, 1988), and contributing to benthic-
pelagic coupling is well known (Be#ital., 1988). Meiofauna have been used for
monitoring the impacts of pollution (Bilyard, 1987; Warwick, 1993). Bacteria are
important in nitrification and denitrification in sediments (Koike and Sgrensen, 1988;
Kristensen, 1988) but almost nothing is known of bacterial processes in Port Phillip
Bay.

Finally, this review focuses on studies of areas with similar environmental conditions to
Port Phillip Bay; i.e. shallow coastal waters or coastal embayments from warm to cold-
temperate regions, typically betweert 855 of latitude. Freshwater and estuarine
studies were not included. Data from studies carried out in waters deeper than 30m i.e.
deeper than Port Phillip Bay, have not been included because depth is an important
factor influencing benthic communities (Poore and Kudenov, 1978a; Edgar, 1983;
Russcetal., 1984), which sometimes masks the effects of nutrients @& edy 1988).

We have included tabled summaries of the literature reviewed to provide a quick and
effective way of identifying studies of different communities. These tables also include
literature which does not present empirical data but which provides important
contributions to the discussion.



1.3. Treatment of data

A major problem in this review was to compare the results of different studies, carried
out in different locations on different organisms and often using different scientific

units and measures. Consequently, we have converted data to the same scientific units,
where possible, so that the results of studies can be compared, particularly to derive
empirical relationships. This was not possible for all studies but where possible nutrient
data have been converted to UM concentrations. Seagrass data are restricted to the
above-ground material, and seagrass biomass and production has been standardised to
grams dry weight (DW) per hand g DW rif y* respectively. Benthic macroalgae
includes attached forms e.g. kelp, free-floating algal massddleagspp., and

epiphytic forms attached to macrophytes, e.g. seagrass macro-epiphytes. The biomass
of attached and free-floating macroalgae has been presented in this review as either
tonnes wet weight (WW) or kg DW frand growth rate as g WW'dEpiphyte

biomass and growth-rate has been presented as mgfeseagrass leaf and mg érof
seagrass leaf ddyrespectively. Data on periphyton (microscopic epiphytes), inhabiting
seagrass leaves have been treated as discreet from benthic microalgae, as these
communities are exposed to different environmental conditions. Periphyton biomass
and production has been presented as mg DWafreeagrass leaf and mg DW ém
seagrass dayrespectively. Benthic microalgal production has been reported as mg C
m? d*. Benthic macroinvertebrate biomass has been standardised as g Ash-Free Dry
Weight (AFDW) per m of seabed and production as g G yt. Where data could not

be converted to a convenient, standardised unit it has been plotted separately.

Nutrient flux rates are reported in the literature in a variety of units, usually as grams or
moles of nutrient flux per unit area per unit time. Only nitrogen fluxes are considered

in this review. For ease of comparison, flux rates have been standardised and reported
asg N nfy™.

The following sections discuss relationships between benthic communities and water
and sediment quality parameters which are portrayed in the attached figures.



2. BENTHIC COMMUNITY RESPONSE TO WATER AND
SEDIMENT QUALITY PARAMETERS

2.1. Patterns of benthic community change resulting from
eutrophication

Four stages of change in benthic communities can be identified (Gray, 1992). Stage 1
involves an initial growth response and increase of primary and secondary producers.
This is followed by a change in species composition viz. for primary producers

generally towards ephemeral, opportunistic species; for fauna from large, slow-

growing, long-lived species with low production:biomass (P:B) ratios towards smaller,
fast-growing, short-lived species with high P:B ratios. In the third stage there are
negative feed-back interactions between components of the community resulting in a
loss of species and dominance by a few opportunistic species. The fourth or final stage
is one of hypoxia, anoxia and mass death of the benthos, leaving just bacterial mats and
perhaps a few hardy species.

Macrophyte dominated systems change towards phytoplankton dominated systems
with increasing nutrient loads as nutrient limitation ceases and light attenuation
increases (Valielatal., 1992; Duarte, 1995). An increase in water column primary
production increases light attenuation by the water column and promotes the organic
enrichment of the sediments through sedimentation of suspended particles and detritus.
Under healthy conditions the sediments support a diverse infauna which effects
bioturbation. This in turn promotes nitrification in aerobic zones. Elsewhere in the
sediments anaerobic conditions permit denitrification processes (Bird, 1994). As the
organic load to the sediments increases the oxygen required to metabolise this organic
matter becomes limiting (Pihl, 1992). Under extreme conditions, organic enrichment
leads to hypoxia causing mobile fauna to leave the area. The redox potential
discontinuity (RPD) marking the transition from aerobic to anaerobic sediment, which
is normally located relatively deep in the sediments, moves towards the surface driving
benthic infauna to the sediment surface (Nilsson and Rosenberg, 1994). As oxygen
levels continue to decline, echinoderms, molluscs and crustaceans die @adlen,

1990), and opportunistic polychaete worms, which are tolerant of low oxygen levels,
dominate the system (Pearson and Rosenberg, 1978). Loss of the infauna leads to
reduced bioturbation, reduction or cessation of nitrification and denitrification, and
eventually sulphate reduction (Slathal., 1995).

In summary, eutrophication is characterised by a trend towards a loss of species
diversity, excessive primary production by phytoplankton or free-floating macroalgae
and a reduction in secondary production (Gray, 1992).



2.2. Ciritical environmental and ecological parameters and the
spatial and temporal scales over which they operate:

This review attempts to identify empirical relationships between changes in benthic
communities and changes in water or sediment quality in shallow water marine bays as
a result of nutrient enrichment. In order to determine these relationships it is first
important to identify those key nutrients which influence marine ecosystems and the
spatial and temporal scales over which they operate. Secondly, it is important to
identify other environmental parameters which influence benthic marine communities
and determine whether nutrient enrichment influences these other parameters. Thirdly,
it is important to identify the ecological parameters which are influenced by nutrients
and the spatial and temporal scales over which they operate.

Unlike freshwater systems in which phosphorus is universally regarded as the critical
limiting nutrient, much debate continues over which nutrient is limiting for primary
production in marine systems (Howarth, 1988). Nitrogen is generally regarded as being
the limiting nutrient (Howarth, 1988) and this is supported by a considerable volume of
research carried out in field and mesocosm experiments (refer to Tables 1, 2 and 3).
However, examples of phosphorus limitation (Powedl., 1989; Peckoétal., 1994)

and even silicon limitation (Doerirgtal., 1989) of primary production have also been
observed in systems where nitrogen has been supplied to excess. In Port Phillip Bay,
nitrogen is widely considered to be the limiting nutrient for all algae and seagrasses
(Brown, 1988,Builthui®t al 1992). Hence we have focused on the effects of nitrogen
enrichment on marine benthic communities.

It is important to identify what measures of nitrogen availability should be used as the
basis for empirical relationships with benthic community change. Hitgla, (1995)
reviewed empirical relationships between nitrogen concentrations and loading versus
phytoplankton abundance in marine systems and concluded that neither concentration
nor loading adequately represented the nitrogen available to the system. For example,
instantaneous measures of nitrogen concentration may be inversely proportional to
phytoplankton abundance due to rapid uptake during blooms or release during
decomposition (Hingatal., 1995). Such inverse relationships have also been observed
between sediment pore-water nitrogen concentrations and seagrass shoot density
(Short, 1983b), and between water column nitrogen concentrations and macroalgal
biomass (Sfrisetal., 1992). The capacity of macroalgae for luxury uptake of nutrients
when nutrient concentrations are high (Matal., 1982) with subsequent utilisation

for growth under conditions of nutrient stress (Hanisak, 1983) further complicate these
relationships.

In addition, processes in the sediment, such as primary production by benthic
microalgae and bioturbation by infaunal macrofauna, influence sediment-water column
nitrogen flux rates. This causes the nitrogen concentrations and nitrogen flux rates in
these habitats to vary over short spatial (for example, within and between animal
burrows; Aller, 1982) and temporal (diel; Wiltshire, 1992) scales. These points
illustrate the inherent problems associated with matching instantaneous measures of
nutrient concentration with ecological measures such as abundance or biomass which
integrate environmental conditions over longer time periods. Hibgh, (1995)
conclude that where nitrogen concentrations are to be used as a basis for empirical
relationships, long-term averages should be used.
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Hingaetal., (1995) also demonstrate that the relationship between loadings and
nitrogen availability is not only influenced by the rate at which nitrogen may be re-
mineralised and consumed but also by hydrodynamic forces such as water residence
times and mixing. These authors conclude that in shallow, well mixed systems with
relatively short residence times, nitrogen concentrations are likely to be proportional to
loadings. Conversely, in systems with longer residence times, nitrogen loadings and
concentrations are unlikely to be related because of uptake and remineralisation or
denitrification within the sediments. This has been demonstrated by mesocosm
experiments which showed only a 3.5x increase in primary production and 1.5x
increase in secondary production with a 32x increase in nutrient loading, with much of
the added nitrogen being lost from the system through denitrification within the
sediments (Oviattal., 1986).

Mesocosm studies (Doerirgal., 1989; Sullivaretal., 1991; Oviatetal., 1993), and

field studies (Hopkinson and Wetzel, 1982; Graneli and Sundback, 1985¢Reay

1995) have both demonstrated the important influence of nutrient cycling in sediments
on the fate of nitrogen in marine ecosystems and the consequent availability of
nitrogen to the ecosystem. So, how particular marine ecosystems respond to increased
nitrogen loadings is likely to vary between locations depending on site-specific
hydrodynamic forces, sediment characteristics and the composition of local benthic
communities.

Relationships between nitrogen concentrations or loadings and changes in benthic
communities may also be confounded or masked by other environmental factors.. For
example, irradiance (PAR) is a critical limiting factor for benthic autotrophs. The
theoretical relationships between nutrients, irradiance and the abundance of autotrophs
have been reviewed by Duarte (1995) and Harlin (1995). These authors suggest that at
low nitrogen concentrations when nitrogen is limiting, seagrasses or benthic macroalgae
will predominate because these macrophytes are able to store and use nutrients
efficiently and receive adequate light. Increasing nutrient concentrations favour
production by phytoplankton or free-floating, ephemeral macroalgae, which decrease
light penetration in the water column and cause light limitation to benthic plants. Thus,

a shift occurs from benthic, perennial macrophytes to phytoplankton and ephemeral
algae in the water column.

Instantaneous measures of irradiance, or factors which influence light penetration e.g.
water column chlorophyH, particulate organic matter (POM) or turbidity, are likely to

be as variable as nutrient concentrations. On the other hand, measurements of the
abundance, biomass, production or depth distribution of benthic plants over longer time
periods integrate such changes. For example, seagrasses require high levels of
irradiance so that their shoot density and biomass decline rapidly i.e. on time-scales of
months, in low light conditions (Bulthuis, 1983; Gordsiral., 1994; Fitzpatrick and
Kirkman, 1995).

Similarly, the depth distribution of benthic macrophytes provides an integrated measure
of water column transparency (Kautsktal., 1986; Lumb, 1989) and may show

changes on scales of years to decades. Kaatsiy, (1986) discovered a retreat in

the depth distribution of the macroalgacus vesiculosusom 11.5m to 8.5m over a

50 year period. In this way, light, nitrogen and benthic macrophyte abundance
relationships may be established empirically.
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In contrast, light does not appear to have the same level of influence over benthic
microalgae as it does over benthic macrophytes which may be related to the former’s
lower light requirements (Cahoatal., 1993). Field studies have shown that factors
such as temperature, tide height, wave energy and sediment-type have greater
influence on benthic microalgal communities (Davis and Macintire, 1983; Shaffer,
1988).

Mesocosm studies have provided equivocal results relating benthic diatom abundance
to increasing nutrient concentrations (Doemngl., 1989; Sundback and Snoejs,

1991). Benthic microalgae inhabit highly dynamic environments (Shaffer and Sullivan,
1988), are highly variable over short spatial (Beardall and Light, 1994) and temporal
(Shaffer, 1988) scales so that relationships between nitrogen enrichment and benthic
microalgal abundance, biomass or production are likely to be difficult to establish.
Comparisons between average nitrogen concentrations and benthic microalgal
abundances over long time scales, or along environmental gradients are probably
required to identify relationships between nitrogen availability and change in benthic
microalgal communities.

The response of secondary producers to nutrient enrichment is influenced, in part, by
food availability (bottom-up control) and predation (top-down control) (Flothman and
Werner, 1992; Sardatal., 1992; Posegtal., 1995). Food availability is influenced

by which subset of the autotrophic community responds to nutrient enrichment. For
example, whereas increased diatom production has resulted in higher levels of
secondary production (Doerirgal., 1989), increased production by blue-green algae
has not (Flothman and Werner, 1992). Predation regulates benthic macrofaunal
abundance and influences the degree to which benthic secondary producers may
respond to increased food availability (Oveital., 1993; Posegtal., 1995). Thus,

direct, empirical relationships between nitrogen enrichment and changes in the
abundance, biomass or production of secondary producers are likely to be difficult to
establish due to the confounding of these bottom-up and top-down controls.

Links between nitrogen enrichment and changes in fish abundance, biomass or
production are difficult to detect due to the large scales of variability of these measures
(Kerr and Ryder, 1992). Although changes in species composition (De Jonge and
Raaphorst, 1995; Koivisto and Blomquist, 1988; Hansson and Rudstam, 1990; Isaksson
and Pihl, 1992) and community size structure (Koivisto and Blomquist, 1988) have

been recorded over time scales ranging from years to decades, empirical relationships
with nitrogen enrichment have not been satisfactorily established (Nixon, 1986;
Hansson and Rudstam, 1990; De Jonge and Raaphorst, 1995). Long-term spatially tied
sampling of fish communities and physico-chemical parameters is probably required in
order to establish any such relationships.

Although direct effects of nitrogen enrichment on benthic macrofauna and fish
communities may be difficult to establish, nitrogen effects on other water and sediment
guality parameters may affect these taxa indirectly. For example, the increase in rate of
supply of organic matter from primary producers as a result of nitrogen enrichment
increases the biological oxygen demand of benthic communities and in extreme
circumstances can cause hypoxia and anoxia and general ecosystem dystrophy (Viaroli
etal., 1992). Benthic macrofauna and fish are sensitive to water column and sediment
oxygen concentrations and decline rapidly in response to hypoxia and anoxia. A 90%
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loss of benthic fauna in four days has been reported (Stachowitsch, 1992). Sensitivity
to hypoxia varies between species (Daetel., 1992; Despreetal., 1992), with fish

being particularly sensitive (Bademal., 1990). Large, relatively long-lived species

such as echinoderms, are more sensitive to hypoxia than small, short-lived species like
deposit-feeding polychaete worms (Pearson and Rosenberg, 1978). Changes in the
abundance, biomass, species richness, community size-structure and feeding guilds
have been observed along gradients of organic enrichment over spatial scales of
hundreds of metres (Poore and Rainer, 1974; 1979; Pearson and Stanley, 1979;
Weston, 1990). Hence environmental parameters such as oxygen concentration (or
surrogate measures like redox potential or redox potential discontinuities), may provide
a more stable basis for identifying relationships between nitrogen enrichment and
changes in benthic faunal communities.

In summary, neither nitrogen concentration nor nitrogen loading truly reflect nitrogen
availability to, or effect on, marine ecosystems. Long-term averages probably provide a
better basis than instantaneous concentrations for establishing empirical relationships
with benthic community changes. Nitrogen loadings are influenced by local
hydrodynamic forces, sediment characteristics and benthic community composition
which can confound empirical relationships with benthic community change,

particularly in terms of cross-system comparisons. Nitrogen enrichment influences
other environmental parameters which have more direct influences on benthic
communities, e.g. irradiance for benthic autotrophs or oxygen levels for benthic fauna.
Therefore, critical parameters such as irradiance or oxygen levels may provide more
stable bases from which to derive empirical relationships between changes in water and
sediment quality and benthic communities.

2.3. Seagrasses

Seagrasses obtain nutrients from both the water column and the sediments (@tillman
al., 1989). We have therefore examined the empirical relationships of seagrass shoot
density, biomass and production with water column and sediment nitrogen
concentrations. A synopsis of the literature reviewed in this section is provided in
Table 1.

Seagrass degradation and loss in relation to pollution has been widely documented
(Den Hartog and Polderman, 1975; Larkum, 1976; Nienhuis, 1983; Cambridge and
McComb, 1984; Cambridget al, 1986; Neverauskas, 1987; Geistral, 1990;

Larkum and West, 1990; Walker and McComb, 1992), yet relatively few studies have
guantified a link between nitrogen enrichment and rates of seagrass decline.

Figures 1a, 1b and 1c indicate that, based on the available empirical data, there seems
no relationship between seagrass shoot density and water column dissolved inorganic
nitrogen (DIN), ammonium (NkJ, or nitrate + nitrite (N@NO,). Similarly, Hillmanet

al., (1991) found no correlation between shoot density and nitrogen concentrations in
seagrass beds from Princess Royal Harbour, Oyster Harbour or King George Sound,
Albany, Western Australia.
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Bulthuiset al (1992) could find no relationship between shoot density and pore-water
DIN (Figure 2a). However, Short (1983a) detected a strong negative relationship
between shoot density and pore-water;bhcentration (Figure 2b), and ascribed this

to uptake of nitrogen by¥osteramarinawith consequent rapid depletion of nitrogen in
the sediments. Shoot densities recorded in this study went up to 1008dm

therefore represent a high nitrogen demand, which may explain the strong relationship
observed.

In terms of seagrass above-ground biomass, when data from different studies were
pooled, there appeared to be a negative relationship between shoot biomass and water
column DIN (Figure 3a) and N@NO; (Figure 3c) but no relationship with NH

(Figure 3b). Seagrass biomass /water column nitrogen relationships were not consistent
between the studies and only data from Hillregal., (1991) showed a consistent,
negative, non-linear relationship between biomass and DIN,adel NQ/NO,. These
differences may reflect differences in seagrass species. For example, high water
column NQ concentration caused a decline in the biomaZosferamarinawhereas

NOj; stimulated the production éfalodulewrightii (Burkeholderet al,[1994). There
appeared to be no relationship between seagrass biomass and pore-water DIN (Figure
4a) or pore-water NiH(Figure 4b).

No relationship has been demonstrated between seagrass shoot production and water
column DIN, NH; and NQ/NO;, (Figures 5a, 5b and 5c). The data from Pedersen and
Borum (1993) indicated a higher level of seagrass production at given nitrogen
concentrations than that reported in the other studies which must be related to site-,
time- or species-specific factors. However, excluding their data, there appeared to be a
consistent negative relationship between seagrass production and water column DIN,
NH4 and NQ. The relationship was particularly evident in the data set of Hillhan

al., (1991), the largest data set presented in Figures 5a to 5c.

The relationship between pore-water Ndéncentration and shoot production

appeared variable, particularly at low concentrations (Figure 6). In a study of seagrass
transplant growth, Kenworthy and Fonseca (1992) found thatehdHchment of the
sediments promoted the vegetative growtd.aharinaandH. wrightii, but did not

improve the long-term survival of these seagrasses Data relating shoot production to
pore-water DIN or N@INO, were not available.

In summary, clear, direct and consistent relationships between water and sediment
nitrogen concentrations and seagrass growth were not evident from the range of studies
reviewed. Moriarty and Boon (1989) reviewed nutrient processes in seagrass meadows
and concluded that the relationship between seagrass growth parameters and sediment
nitrogen concentrations depended on the nitrogen demand of the seagrass versus rates
of availability, either through external supply or internal recycling. Hemnengh,

(1991) reviewed nitrogen gains and losses in seagrass meadows and concluded that
seagrasses are open systems, experiencing imbalances between gains and losses
through time which may explain temporal variations in seagrass biomass. In this

context, seagrasses may be considered variously as a source or sink for nitrogen
depending on the relative scales of these gain and loss processes. It is therefore, not
surprising that stronger relationships between water or sediment nitrogen
concentrations were not observed.
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Clearer relationships between seagrass shoot density, biomass and production and
water and sediment nitrogen concentrations would have been expected if nitrogen was
limiting to seagrass growth. Several studies have identified nitrogen limitation in
seagrass meadows (Bulthuis and Woelkerling, 1981, 1983a, Short, 1983a, b, 1987;
Powellet al, 1989; Bulthuietal., 1992; Van Lenetal., 1995), whereas others

suggest that nitrogen limitation is rare (Zimmerreaal, 1987; Pedersen and Borum,

1993) or that phosphorus is limiting (Short, 1987; Powelgl., 1989). Moreover,

changes in benthic macrophytes in relation to eutrophication are not gradual but appear
to occur in steps which do not directly parallel increased nutrient loadings (Duarte,
1995).

In contrast, the importance of light requirements for seagrass survival has been well
established (Bulthuis, 1983; Silbersteiral., 1986; Neverauskas, 1988; Duarte, 1991,
Gordonetal., 1994, Fitzpatrick and Kirkman, 1995) and seagrasses are known to have
the highest requirements (generally between 5 and 20% of surface irradiance)for
photosynthetically active radiation (PAR) of all aquatic macrophytes : Bulthuis, 1983;
Silbersteiretal., 1986; Dennisoetal., 1992). Photosynthesis-Irradiance curves for
PosidoniasinuosaandAmphibolisantarctica(Figure 7) demonstrate the positive
relationship between seagrass production and irradiance (Véalder1994).

Light reduction experiments have been carried out in seagrass meadows to demonstrate
the light dependence of seagrassesitu (Bulthuis, 1983; Neverauskas, 1988; Gordon
etal., 1994; Fitzpatrick and Kirkman, 1995). Figure 8 shows the results of a shading
study carried out by Bulthuis (1983) on the seagrBderozosteraasmanica Shoots

which received between 2 to 9% of surface PAR died back completely after 4 to 8
months respectively, whereas when receiving greater than 25% of surface PAR,
seagrass viability was maintained. Other studies of shading effects on seagrasses,
carried out elsewhere, have yielded similar results. In South AustRosidonia

meadows, Neverauskas (1988) detected a rapid decline in seagrass shoot density and
biomass under a 50% light reduction regime, after an initial lag-time of 6 months. In
Western Australiaosidoniasinuosameadows, Gordoetal., (1994), found that

seagrass shoot density and production declined by 80 to 99% from that of unshaded
seagrasses over a 148 day period. In long-term shading studies, @oatdp(1994)

further found that shoot density and production were reduced by 90% after 307 days,
and by > 92% after 393 days. Similarly in a shaledidoniaaustralismeadow in

New South Wales, Fitzpatrick and Kirkman (1995) found that seagrass shoot density
declined from 340 ifito 80 m? after 3 months, and thereafter remained at between 10
to 60 shoots M, even 17 months after the removal of the shading. Seagrass shoot
densities in the control plots were between 270 to 34@hmoughout the study period.

Epiphyte growth on seagrass leaves has been implicated in seagrass decline
(Cambridgeetal., 1986; Silbersteietal., 1986; Tomasko and Lapointe, 1991) and
Burtetal., (1995), measured a strong positive relationship between the biomass of
periphyton on seagrass leaves and light attenuation at the leaf surface (Figure 9).
Bulthuis and Woelkerling (1983b) found that light attenuation increased linearly with
epiphyte biomass and that epiphytes could accumulate fast enough to cause shading of
seagrass leaves. Silberstetal., (1986) measured a strong negative relationship

between seagrass production and the degree of shading caused by epiphytes inhabiting
the seagrass leaves (Figure 10) whilst Sand-Jensen (1977) observed that epiphytes
reduced seagrass photosynthesis by up to 31%. Borum (1985) and Tomasko and
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Lapointe (1991) found that seagrass epiphyte biomass was strongly linked to water
column nitrogen concentrations In this way, nutrients may influence seagrasses
indirectly by promoting either phytoplankton or epiphyte growth which then attenuate
light (Wetzel and Neckles,1986).

So, although seagrass degradation in relation to anthropogenic pollution has been
widely reported in the literature, these effects have not been adequately quantified, and
clear empirical relationships between nutrient loadings and seagrass decline have not
been observed. Studies of seagrass-nutrient interactions have demonstrated conflicting
results ranging from nitrogen limitation, to no nutrient limitation or phosphorus

limitation so that site- and species-specific differences in nutrient demand of seagrasses
and nutrient availability may be responsible. The capacity of seagrass epiphytes and
periphyton to attenuate light before reaching the seagrass leaves and for epiphytes and
periphyton to respond rapidly when nutrients and light are available have also been
demonstrated. Thus, measuring relationships between nutrients, epiphytes and light
attenuation may be more important than direct observations of nutrient-seagrass
relationships when trying to determine the likely effects of eutrophication on
seagrasses.

2.4. Macroalgae

In this review, macroalgae refers to macroscopic plant forms which may either be
attached to hard substrates, free-floating or epiphytic on seagrasses. Unlike seagrasses,
macroalgae are confined to obtaining their nutrients from the water column. Thus, only
relationships with water column nutrients are presented here. A synopsis of the

literature is provided in Table 2.

Ephemeral types of macroalgae can respond rapidly to nutrient enrichment of the
water column (Duarte, 1995; Pedersen, 1995), and their distribution is influenced by
environmental nutrient concentrations (McGlathery, 1992). Massive blooms of algae
such adJlva spp.,Cladophoraspp., andEnteromorphaspp., are a commonly reported
symptom of eutrophication (Lapointe and O’Connell, 1989; Piriou and Menesguen,
1992; Sfriscet al, 1992; Valieleet al, 1992; Viaroliet al, 1992). However, few

studies have demonstrated a clear, direct link between such blooms and nutrient
enrichment of the water column probably because macroalgae act as sources or sinks
for nutrients (Hanisak, 1983), and are highly influenced by other parameters, such as
irradiance and temperature (Lobbatral., 1985; Lining, 1990). For example,

Lapointe and O’Connell (1989) report that, although magSiadophorablooms had
occurred over a 20 year period in Harrington Sound, Bermuda, USA, no studies had
conclusively linked these blooms to nutrient enrichment.

In contrast, in the Bay of Saint-Briuec, northern Brittany, France, Piriou and

Ménesguen (1992) demonstrated a strong, positive relationship between the maximum
biomass of floating wracks aflva (tons WW) and total nitrogen loadings (Kg)d

which occurred in June of 1986, 1988 and 1989 (Figure 11). These data are from a
single study over a three year time-frame but suggest that measurements of mean Total
N loadings to a marine system may provide a reasonable basis from which macroalgal
community responses to eutrophication can be determined and evaluated.
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Figure 12a shows a negative, non-linear relationship between macroalgal biomass and
water column DIN, in four bays in the northern Adriatic Sea (after Sétiab, 1992.

Each data set is based on a monthly sampling regime over a fifteen month period.
When the data from each bay were averaged within seasons, the negative, log-linear
relationship between biomass and DIN was more evident and appeared to be consistent
within each bay (Figure 12b). When seasonal differences were highlighted by
averaging across bays, the negative, log-linear relationship was still apparent (Figure
12c). These negative relationships may be indicative of water-column nitrogen
depletion through uptake by macroalgae (Sfesal, 1992; Viaroliet al, 1992;

Valielaet al, 1992; Peckoét al, 1994) and will be discussed in detail in the

subsequent section on feed-back influences of macroalgae on water-column and
sediment quality parameters.

In laboratory studies of epiphytic macroalgal growth, Wadkexd., (1994) found no
relationship between algal biomass and either water column DINPNNG; (Figures

13a, 13b and 13c respectively) and this appeared to be consistent between seasons
(Figures 13b and 13c) and between batch and continuous culture experiments (Figures
13a and 13c). Similarly, epiphyte growth rates did not show any relationship with water
column NH, or NG; concentrations (Figures 14a and 14b). However, the nitrogen
concentrations supplied in these experiments represented a small range (2 to 4.5 pM
DIN; 1 to 2.5 uM NH; 0.5 to 2.5 uM N@). Additionally, these experiments were run

over a relatively short time-frame (35 days for batch cultures, 55 days for continuous
culture), so their application to a field situation is limited.

Unlike the study by Walkest al, (1994) on seagrass epiphytes, Schragtah.,
(1988), detected a clear relationship between the wet weight growth-rates of the
macroalgad-ucus vesiculosusndPhycodrys rubenand water-column DIN (Figure
15).

The response of macroalgae to nutrient enrichment is variable but change in

community structure from dominance by perennial macrophytes to dominance by
ephemeral, opportunistic algae is a commonly reported symptom of eutrophication

(Gray, 1992; Duarte, 1995). Seagrasses and perennial macroalgae are good competitors
at low nutrient concentrations because they have lower nutrient requirements than
ephemeral algae (Duarte, 1995; and see review of C:N:P ratios of aquatic plants by
Duarte, 1992), are able to store and efficiently recycle nutrients and, in the case of
seagrasses, have access to sediment nutrient pools. As nutrient concentrations increase,
fast-growing macroalgae and phytoplankton are more competitive because they

capture and use light more efficiently (Harlin, 1975; Duarte, 1995).

Pedersen (1995) compared the growth responses of a sedgstesgmnaring), a

perennial macroalgad-(icug, two ephemeral macroalgddlya andChaetomorpha

and phytoplankton to nitrogen (NHenrichment (Figure 16). The seagrass and

perennial macroalga showed no response to nitrogen enrichment whereas the growth of
ephemeral macroalgae and phytoplankton were stimulated by higher concentrations. In
Rhode Island Lagoon, USA, experimental enrichment of MHeagrass beds

stimulated the growth dflva andEnteromorphgHarlin and Thorne-Miller, 1981)

and in Waquoit Bay, USA, seagrasses have been replaced by macroalgad Buah as
Cladophora EnteromorphaandGracilaria as nutrient levels in the bay have

increased (Hornetal., 1994). In contrast, Foreggal. (1993) report that
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phytoplankton and free-floating macroalgae were out-competed for nutrients, by
benthic macro- and microalgae as nutrient concentrations increased (nitrogen from 1.2
UM to 77 uM and phosphorus from 0.01 uM to 5 uM). The form of the nutrients was
not stated nor the individual effects of N and P.

In Port Phillip Bay, macroalgal communities in relatively high nutrient environments,
i.e. near sewage outfalls, are characterised by a dominance of ephemeral species.
Brownet al, (1980), and Axelradtal., (1981) found that macrophyte communities at
nitrogen enriched sites near the Werribee sewage treatment plant in Port Phillip Bay
were dominated bylva andCladophoraspp., whereas large brown algae such as
Eckloniaradiata or Sargassunspp., which were important zone-forming algae at other
sites, were absent. This may, however, be a function of the availability of suitable
substrata for the larger algae or distance from recruitment sites. In their review of
macroalgal communities in Port Phillip Bay, Light and Woelkerling (1992) concluded
that substrate suitability, light attenuation, water depth, wind, currents and sediment
transport, rather than nutrient availability, were the main factors structuring benthic
macroalgal communities.

As with seagrasses, light is an important requirement for benthic macroalgae and the
depth distribution of algae has been used as a monitoring tool to detect long-term
changes in water turbidity (Kautskyal., 1986; Lumb, 1989). Strong positive
relationships between irradiance and epiphyte biomass and production (Figures 17a
and 17b respectively), were observed in culture experiments carried out over two
seasons and four water temperatures by Walkalr, (1994). These positive

relationships were evident in both summer and winter and suggest that algal responses
to irradiance were more strongly influenced by seasonal factors e.g. physiological pre-
conditioning (Hanisak, 1983), than by temperature effects alone. For example, in the
study by Walkeetal., (1994), algal biomass and production were always higher in
summer than in winter, whereas temperature effects were inconsistent within each
season.

The lack of consistent trends between the fine-scale studies of Scletaahn{1988),

Fong et al, (1993), Walket al, (1994) and Pedersen (1995) indicate that to quantify
the responses of macroalgal communities to eutrophication requires holistic study of
the interactions between nutrients, light, temperature and taxonomic differences, taking
into consideration physiological influences related to growth history of the algae. We
know of no example which examines this suite of variables within a single study, using
algae which have been acclimated to controlled laboratory conditions for a sufficient
period of time to overcome artefacts related to their growth history.

Although coarse-scale studies of bay-wide nutrient loadings and macroalgal biomass or
production may yield more consistent relationships the time-frame for such studies may
be unacceptably long. In addition, the magnitude of change occurring before a
relationship can be detected may be unacceptably high, by which time irreversible and
detrimental change may already be present. The use of macroalgal tissue nutrient
concentrations for monitoring long-term changes in water-column nutrient
concentrations (Lyngby, 1990), or long-term changes in macroalgal depth distribution
for monitoring changes in water turbidity (Lumb, 1989), may be more efficient and
effective tools for detecting eutrophication.
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2.5. Microalgae

Microalgae in this review include forms which grow as periphytes on hard substrates or
on seagrasses and other macrophytes, or which may occur within the sediments. In this
review, two groups are of particular interest: the microscopic algae which occur on
seagrass leaves, here termed periphyton, and the microalgae which occur in the
sediments, here termed benthic microalgae. Although there may be considerable
overlap in species composition between these two groups (J. Nielsen, personal
observation), there are considerable differences in the light and nutrient levels and
physical disturbance experienced by these groups. A synopsis of the literature is
provided in Table 3.

2.6. Periphyton

Figures 18a, 18b and 18c show strong negative relationships between periphyton
biomass and water column DIN, WENd NQ/NO; respectively (after Hillmartal.,

1991). However, care must be taken with the interpretation of these biomass data as
they follow a similar pattern to that of seagrass shoot density when plotted against
water column nutrients and may reflect the availability of seagrass as a living space
rather than a direct relationship with nutrients. In contrast, Borum (1985) found that
ambient nutrient concentrations had a greater influence on periphyton biomass than on
phytoplankton and that variations in periphyton biomass were positively correlated

with water column nutrient concentrations.

Coleman and Burkholder (1994) found that nutrients stimulated an increase in
periphyton biomass which was dominated by cyanobacteria. In a subsequent study
they found that whilst primary production was comparable between enriched and
ambient nutrient treatments, enrichment caused a community shift from dominance by
crustose red algae and dinoflagellates to dominance by the diatcooneis

placentula However, Necklestal., (1994) studying the interactive effects of

nutrients and grazing on seagrass periphyton found that diatoms did not respond to
nutrient enrichment but were controlled by grazing, whereas cyanobacteria were
stimulated by nutrient additions and were not grazed. This suggests that under nutrient
enriched conditions, a community shift from diatoms to cyanobacteria may occur. This
could potentially lead to changes in faunal communities, e.g. from grazers towards
detritivores, as cyanobacteria are less attractive than diatoms as food items for grazers
(Necklesetal., 1994; Widbom and Frithsen, 1995).

2.7. Benthic microalgae

Although few studies on benthic microalgae have been carried out in Port Phillip Bay,
data on their production, which is high compared with other marine areas, suggest that
benthic microalgae are potentially very important in the Bay.

Sundbéack and Snoejs (1991) studied the effects of nutrient enrichment on benthic
microalgae and found that increased nutrient concentrations stimulated the production
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of diatoms, filamentous cyanobacteria and flagellates. However, there were no
differences in community structure or direction of community succession between
enriched or non-enriched treatments. In this study, silicon was never limiting so that
diatoms were never outcompeted by other algae.

A variety of studies have reported that other factors than nutrients are important in
structuring benthic microalgal communities. For example, Sundback and Jonsson
(1988) concluded that benthic microalgae may benefit from nutrient enrichment during
the early phases of eutrophication but decline as water turbidity increases following
increased phytoplankton growth. Masini (1990) found that nutrient concentrations
accounted for differences in benthic microalgal biomass between marine systems but
that light availability influenced abundance within systems. Beardall and Light (1994)
concluded that benthic microalgal biomass and production in Port Phillip Bay, were
influenced by irradiance, water temperature, depth and sediment-type in addition to
nutrient availability.

Figure 19 shows the relationship between microalgal production and irradiance found
in two laboratory studies (Davis and Macintire, 1983; Masini, 1987), and a field study
(Shaffer and Sullivan, 1988). The results of the laboratory incubations show a clear and
consistent trend of increasing production to an asymptote with increasing irradiance,
whereas the field data show variable rates of production across the range of irradiance
levels. Figure 20 shows the relationship between benthic microalgal production and
phytoplankton production in the field (Axelradal., 1981; Cahoon and Cooke, 1992;
Moncreiff etal., 1992; Cahooetal., 1993), indicating that either water column

primary production does not inhibit benthic primary production or that pelagic and
benthic production are coupled. The study by Axeétal., (1981) was aimed at

identifying the effects of the effluents from the Werribee Treatment Complex on
benthic communities in Port Phillip Bay. In this study, across the range of sites
sampled, phytoplankton did not appear to affect benthic microalgal production.

Light does not appear to have the same level of influence on benthic microalgal
communities as it does on other marine plants. For example, Cahalon(1993)

reported that benthic microalgae can maintain a high production even at irradiances
less than 1% of water-surface PAR. Shaffer and Sullivan, (1988), examining field data
collected every two days over a thirty day period, found a poor relationship between
microalgal biomass and ambient light levels.

Other studies have shown that environmental factors which are unrelated to nutrient
conditions may have important influences over benthic microalgal communities. For
example, Rasmusseal., (1983) found that benthic microalgal production had a
linear relationship with water temperature over a range of 5. 3Maehniclketal.,

(1992) reported that water temperature, tidal range and light were the best predictors
for hourly production rates on benthic microalgae within seagrass meadows. On the
other hand, Colijn and De Jonge (1984) found that benthic microalgal production and
assimilation was correlated with tidal height but not with temperature or irradiance.
Sabbe (1993) reported that the organic content of marine sediments was an important
predictor of epipelic diatoms. Plargeal., (1986), Fieldingtal., (1988), and Delgado
(1989) reported that exposure to high wave energy has major impacts on microalgal
resuspension and distribution within the sediments thus influencing their production
and spatial distribution. Thus, benthic microalgae are influenced by complex
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interactions between sediment-type, hydrodynamic forces and seasonal influences
(Davis and Maclntire, 1983; Shaffer, 1988).

Hence, although some studies have demonstrated a direct link between nitrogen
enrichment and production by benthic microalgae, the majority of studies have
identified other factors to be of greater significance in influencing benthic microalgal
communities. These factors include light, water temperature, water depth, tidal
fluctuations, sediment-type and wave energy. Factors influencing benthic microalgal
communities are complex and direct relationships between microalgal biomass or
production and nitrogen concentrations are unlikely to be clearcut.

2.8. Benthic Macrofauna

In Port Phillip Bay, 70% of the area of the Bay consists of relatively deep, muddy,
unvegetated sediments (Wilsetal., 1993), and components of the macrofauna
inhabiting these sediments have been recognised for their important role in bioturbation
of the sediments (Bird, 1994), contributions to nutrient cycling (Wigt@h., 1993),

and commercial fisheries (Nicholson, 1992). This review, therefore, focuses on the
macrofauna which inhabit these types of sediments. We focused on suspension and
deposit feeders as these dominate the macrofauna in Port Phillip Bay, representing
approximately 42% and 35% of the macrofaunal biomass respectively, and together
accounting for 75% and 92% of the biomass in sandy and muddy habitats respectively
(Wilsonet al, 1993). We discuss these groups separately in the text and plot data
individually in the figures. Otherwise the term macrofauna refers to the entire
macrofaunal community including other feeding-groups such as grazers, predators and
scavengers. A synopsis of the literature reviewed in reference to this section is
provided in Table 4.

Increased nutrient loads have been associated with reduction in biomass and species
richness and changes in community composition and size-structure (Gray, 1992).
Pearson and Rosenberg (1978) reviewed community succession in relation to organic
enrichment of the sediments and found that effects could be detected around the
source of enrichment and that but were more diffuse with increasing distance from the
source. They reported that sediments in the vicinity of the source are devoid of fauna,
but that an increase in abundance and richness occurs with increasing distance from
the source. Maximum abundance and richness are found at a transition zone, or
ecotone, which is composed of a mix of short-lived opportunists and long-lived
‘equilibrium’ species. On the polluted side of the ecotone point, opportunistic species
dominate whereas on the unpolluted side, equilibrium species dominate. Pearson and
Rosenberg (1978) also reported that capitellid, nereid and spionid polychaetes are
typical early colonisers of enriched sediments, but that deposit-feeding amphipods e.g.
Corophiumspp., and bivalves, e.jlacomabalthicaandMya arenaria, may also be

early colonisers.

Observations of benthic faunal communities around the Werribee waste-water
treatment plant by Poore and Kudenov (1976) and Axeltadl, (1981) showed the
above pattern of community change described by Pearson and Rosenberg (1978).
These studies found that communities in the vicinity of the treatment plant were
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dominated by deposit-feeding polychaetes and amphipods, but that this influence of the
outfall was exerted only for a few hundred metres. Although these general patterns

may be easily recognised and have been observed in a variety of field and experimental
studies, their relationship to nutrient loadings have not been well quantified (Gray,
1992).

No relationship could be detected in Port Phillip Bay between water-column total
nitrogen (TN) or dissolved inorganic nitrogen (DIN) concentrations and the abundance
of macrofauna (Figure 21a, Poore and Rainer, 1974, 1979). When data from Bogdanos
and Satsmadijis (1992), collected in the Messolonghi Lagoon, Greece, were averaged
within seasons, no patterns of abundance in relation to water column DIN could be
observed (Figure 22a). However, there did seem to be a decline in the number of
species with increasing water column DIN (Figure 22b), particularly in winter and

spring when the highest DIN concentrations were recorded.

When biomass levels of benthic molluscs in Port Phillip Bay, divided into feeding

guilds, were plotted against water column TN on a logarithmic scale (Figure 23), there
appeared to be no convincing trend. Figure 23 also shows that infaunal suspension-
feeders dominated the biomass across the range of TN concentrations and that surface
deposit-feeders appeared to decline with increasing TN concentration.

Nutrient enrichment may promote secondary production in some cases though. For
example, Beukema and Cadée (1986) reported that the growth rate and reproductive
success of the deposit-feeding bivalWacoma balthicancreased over a fifteen year
period during a concomitant increase in nutrient loading. Macroinvertebrate biomass
and production data from the Dutch Wadden Sea, collected over a fifteen year period
(1970-1984), were matched with data on nutrient loading of the Rhine River (Nienhuis,
1992) collected over the same time period. It is important to note that only between 6
to 20% of the Rhine River flows into the Dutch Wadden Sea which also receives inputs
from other sources. Thus the nutrient loadings of the Rhine River serve only as an
indicator of the typical increases in nutrient loadings entering these coastal areas during
this period. Macrofauna biomass showed a positive relationship with TN, DIN and NO
(Figures 24a, 24b and 24c, respectively), but a negative relationship wjtlo&dihgs
(Figure 24d). Macrofaunal production showed a similar relationship (Figures 25a, 25b,
25c and 25d for TN, DIN, N@and NH, respectively. There is also evidence from Port
Phillip Bay that the growth rates of abalone are higher near the WTC drain, where
nitrogen levels are higher than elsewhere in the Bay (Gwyther, 1990).

Although Figures 24a to 24d and 25a to 25d do not provide a strictly quantitative
relationship between inputs to a system and changes within the system, they are
important in demonstrating a measurable increase in biomass and production of benthic
fauna with increased nitrogen loadings from anthropogenic sources. Such data is
surprisingly sparse in the literature. This may be because of limitations of the research
in that most studies either occur over relatively small spatial and temporal scales or do
not collect a full suite of environmental data. Small scale spatial and temporal

variability may mask these apparent relationships, but long-term, system-wide
observations resulting in mean annual estimates of nutrient concentrations and
biological parameters, may provide better evidence of the relationship between nutrient
enrichment of coastal waters and changes in macrofaunal communities. Alternatively,
the lack of quantified relationships may be related to the diffuse nature of the
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associations or the complex pathways through which nitrogen is cycled in marine
systems. For example, in a mesocosm study, Oatiat, (1986) found that a 32x

increase in nitrogen loading stimulated only a 3.5 x increase in primary production and
a 1.5x increase in secondary production, with denitrification being responsible for the
fate of most of the additional nitrogen. Flothman and Werner (1992) found that
nutrient enrichment resulted in higher primary production, dominated by the
cyanobacteridMerismopediasp., but that secondary production was not enhanced
becausévierismopediavas not a suitable food resource for higher trophic groups.
Nixon et al,, (1986) suggest that the association between nutrient loading and
secondary production is difficult to detect as the macrofauna represent a small
component of the nutrient budget in marine systems and only a relatively small fraction
of the nutrient increment gets transferred to higher trophic levels.

Other biotic and abiotic factors also influence the strength of these associations. Gray
et al, (1988) reported that water depth had controlling influences on benthic
community structure in two Norwegian Fjords, and that this masked effects which

could be attributed to pollution. Grant and Thorpe (1991) demonstrated that high water
turbidity affected the feeding-rate of suspension-feeding bivalves and that long-term
exposure to high turbidity caused bivalve mortality. The studies of Poore and Rainer
(1974) and Bogdanos and Satsmadijis (1992) showed that sediment physical properties
were the major controlling influences over infaunal communities, and Poore and Rainer
(1974) could find no relationships between the infauna and physico-chemical
characteristics of the overlying water column. Owtal, (1986) and Widbom and
Frithsen (1995) suggested that competition for space in the sediments within mesocosm
enclosures limits the capacity for benthic macrofauna to exploit additional food
resources made available through nutrient enrichment.

Gray (1992) emphasises that the critical effects of eutrophication are experienced
when water column oxygen concentrations become depleted as total community
respiration increases due to increased organic loads to the sediments. Increased
nutrient loadings are generally associated with increased episodes of hypoxia or anoxia,
particularly in stratified waters, with subsequent detrimental effects on the fauna
(Badenet al, 1990; Schaffneet al, 1992). Hypoxia may cause local extinction of
benthic populations (Gaston and Edds, 1994), reduced growth rates of benthic fauna
(Forbes and Lopez, 1990; Forledsl., 1994) and changes in benthic communities
(Pearson and Rosenberg, 1978; De Zwann et al., 1992; Josefson and Jensen, 1992;
Stachowitsch, 1992). Rosenbexal., (1983) reported oxygen concentrations of 1.0

mg I'* as being a threshold level of hypoxia. Nilsson and Rosenberg (1994) found that
mild hypoxia, when oxygen concentrations reached 1.0 gig,@aused fauna to

emerge from their burrows, and under severe hypoxia, at oxygen concentrations of 0.5
mg O I}, resulted in a reduced number of species and individuals. Stachowitsch (1992)
showed that the loss of benthic fauna during anoxia can be rapid, e.g. 90% loss of
biomass in four days, and recovery may take many years. He found no recovery of
some pre-anoxia taxa even after six years.

Figure 26a shows a clear positive relationship between water column oxygen
concentrations and macrofaunal abundance. Different macrofaunal groups have
different tolerances to hypoxia and Figure 26b shows the responses of different faunal
groups to water column oxygen levels. Overall, polychaetes were the most abundant
group across the range of oxygen levels observed and did not decline in abundance
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with declining oxygen concentrations. Bivalves were found only at higher oxygen
levels and the abundance of other fauna tended to decrease at lower oxygen levels.

Polychaetes are generally recognised as having a relatively high tolerance to hypoxia
and rapidly colonise or dominate organically enriched environments (Pearson and
Rosenberg, 1978; Gray, 1992). Daateal, (1992) found that hypoxia caused a

decline in long-lived molluscs and maldanid polychaetes but increased the abundance
of opportunistic polychaetes. ‘Head-down’ deposit-feeding polychaetes such as
Clymemella torquatafeed at depths of 10-20 cm into the sediment and have a high
tolerance for hypoxia and even the hydrogen-sulphide concentrations experienced at
these depths (Fuller, 1994). Despe¢al., (1992) found that the polychad®ggospio
eleganswvas more tolerant to anoxia and recovered more quickly after anoxia than did
the bivalveCerastodermadule The deposit-feeding bivalvEheora fragilishad a

high tolerance to hypoxia (tested at 1.3 to 1.4 m¢j’OTamai, 1993), but not to

hydrogen sulphide (Tamai, 1994). Uextaal, (1994) did not detect any influence of
water column oxygen concentrations on the abundantkesra lubricaover the

range of concentrations from 4 to 11 mgl®&

The results of Tamai (1993, 1994) and Uetal, (1994) forTheoraspp., are of

particular relevance to Port Phillip Bay, Bseora lubricais a dominant member of

the macrobenthos in the Bay. In contrast, the bivAlwa alba and the urchin
Echinocardiuncordatumare sensitive to hypoxic conditions (Gray, 1992; Nilsson and
Rosenberg, 1994). Badenal., (1990) observed that oxygen tensions of 10%

saturation were critical for lobsters, eNgphropshorvegicusurchins e.g.,
Echinocardiuncordatum ophiuroids e.gOphiura albidaandAmphiura filiformis

and molluscs e.dAbraalba. Thus, increased nutrient loads may have important

indirect effects on benthic macrofauna by increasing the organic load to the sediments
thus promoting oxygen consumption by increasing heterotrophic processes and benthic
respiration. This may lead to hypoxia or anoxia which may have a range of effects on
the benthic macrofauna depending on macrofaunal community composition and their
resistance to hypoxia and the frequency, duration and intensity of hypoxic events.

If oxygen levels decline in response to nutrient enrichment then oxygen-nitrogen
relationships may be useful in identifying when critical periods of hypoxia or anoxia

are likely to occur. For example, Lapointe and Clark (1992) detected significant
negative relationships between water column dissolved oxygen concentrations and
NH4, NO;3, total dissolved nitrogen (TDN), soluble reactive phosphate (SRP), total
dissolved phosphate (TDP), particulate nitrogen (PN), particulate phosphorus (PP) and
chlorophylla. In Port Phillip Bay, water column oxygen levels are high and have been
consistently measured at concentrations exceeding 80% saturation (MMBW and FWD,
1973; Brown and Davies, 1991). Not surprisingly therefore, over the range of nitrogen
concentrations measured in the Bay, there appear to be no relationships between TN,
DIN, NOs; and NH, and water column oxygen levels (Figures 27a, 27b, 27c and 27d
respectively). However, other physical and chemical processes in the Bay would tend
to confound such relationships.

Thus, although patterns of community change from dominance by large, long-lived,
equilibrium species towards small, short-lived opportunists in the vicinity of sewage
outfalls has been documented in a wide range of geographical locations, few studies
empirically relate these changes to changes in nutrient concentrations. In many studies
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of benthic macrofaunal communities, a complementary suite of environmental data
including nutrient concentrations are either not measured or are not presented. In
addition, most studies are carried out over relatively short temporal scales and do not
supply the kind of long-term information which may be required to identify these
relationships. In addition, given the erratic nature of the relationships between
environmental nutrient concentrations and benthic primary producers, the links
between nutrient concentrations and secondary producers are likely to be diffuse.

2.9. Fish

Fish are a valued attribute within the Bay and could be affected by eutrophication in
ways that reduce palatability, change abundance or species composition or present a
health threat (Nicholson, 1992). A synopsis of the literature is provided in Table 5.

Data on water -column nitrogen concentrations and fish biomass data, collected during
the 1968-1971 Port Phillip Bay Study (MMBW and FWD, 1973) and averaged across
the Bay within sampling periods, showed no relationships between fish biomass and
either TN, DIN, NH or NGOs/NO; (Figures 28a, 28b, 28c and 28d respectively).
Conversely, Nixoretal., (1986) observed a positive relationship between fisheries

yield and net primary production from estuarine and coastal marine systems (Figure 29;
based on Figure 19 of Nixatal., 1986; data drawn from 35 studies). Presumably, if
positive relationships between nitrogen loadings and primary production can be
observed e.g. Boyntagtal., 1982, then direct links between fisheries yield and

nitrogen loadings should also be observed. In a mesocosm study,efealle1990)

did in fact observe an increased growth ratBrefvoortia tyrannusinder nutrient

enriched conditions. Hansson and Rudstam (1990) reported that fish catches in the
Baltic Sea had increased by an order of magnitude over a fifty year period (to present),
but related this mainly to increased fishing effort and perhaps eutrophication.
Elsewhere, empirical links between increased nutrient loadings and increased
production of higher trophic groups have not been widely documented (&liabn

1986). The high mobility of fish and large scales of spatial and temporal variability
typically associated with measures of fish abundance, growth rates and yield levels
(Kerr and Ryder, 1992) make these type of comparisons problematic.

On the other hand, eutrophication is commonly associated with changes in fish species
or size-distribution (Koivisto and Blomqvist, 1988; Hansson and Rudstam, 1990; Lee
etal., 1991; Isaksson and Pihl, 1992; Pihl, 1992) and a general decline in biomass and
species diversity (Badeatal., 1990; Pihl, 1992; Reise, 1994). Gwyther (1990) and
Nicholson (1992) have reviewed commercial fisheries in Port Phillip Bay and the
possible effects of nutrient enrichment on these fisheries. Finfish abundance and
diversity were found to decline near the WTC drain (Brown and Negiliski, 1976, cited
in Gwyther, 1990). Brown (1977, cited in Gwyther, 1990), found that flathead catches
were lower near the WTC drain but this probably reflected a preference for deeper
waters. Gwyther (1990) concludes that just as the effects of the WTC drain on the
biota such as bacteria, microalgae macroalgae, macrobenthos, phytoplankton and
zooplankton are not detectable beyond 500m from the drain, it is unlikely that impacts
on commercially important fish species would be detected in Port Phillip Bay.
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Similarly, Grayetal., (1992) studied fish larvae in effluent plumes and non-impacted
sites along the coast near metropolitan Sydney. Although they found some evidence of
interactions between the nutrient plumes and fish larval distribution, these interactions
were difficult to isolate due to relatively large scales of spatial and temporal
heterogeneity.

The input of nutrients into Port Phillip Bay could, of course, affect fisheries indirectly
through a change in suitable benthic habitats. Seagrass decline occurs through
smothering by excessive epiphytic growth (Silberst¢m., 1986) and anecdotal
evidence of a decline in fisheries with a loss of seagrass have been reported (Klumpp
and Nichols, 1983). However, Edgaral., (1993) researched the impacts of a loss of
seagrassH. tasmanicaandZ. mueller) on commercial fisheries in Western Port Bay,
Victoria.

Overall, they found fish production was highly correlated with seagrass biomass and
the production of small epifaunal crustaceans. Additionally, they found that epifaunal
production was considerably higher in vegetated habitats, with a loss of approximately
2500 tonnes of epifauna annually as the result of seagrass loss. However, despite this
considerable loss of material, direct links between seagrass loss and a loss of
commercial fish species could only be demonstrated for two fish species: the six spined
leatherjacketNleuschenia freycingtand the blue rock whitingHaletta

semifasciatp Most fish losses were of non-commercial species such as weed-fish,
pipe-fish and soldier-fish, whereas losses of higher-order fish predators were difficult to
quantify because larger fish fed from pelagic sources over a wide area. Additionally,
Edgaretal., (1993) found that the seagrass meadows were not such important nursery
areas as has been reported in the literature (Lenanton, 1982; Pollard, 1984). It is likely
that the seagrass meadows of Port Phillip Bay perform similar ecological functions as
those of Western Port, and a loss of seagrasses would result in the loss of feeding
grounds for adult fish rather than of nursery areas for juvenile fish.

As with benthic macroinvertebrates, hypoxia causes immediate problems for fish
species. Breitburg (1992) demonstrated that hypoxia in Chesapeake Bay influenced the
spatial distribution and population structure of demersal fish whose juveniles were less
tolerant of but less able to migrate from hypoxic waters so that they experienced mass
mortality. After the abatement of hypoxia, fish rapidly recolonised previously hypoxic
zones. Abandonment occurred at 0.36 mdi‘Gand death at 0.24 mg,®" giving fish

a low escape margin between abandoning their shelters and dying.é82ate(i1990)
reported declines in fish catches in response to hypoxia in bottom waters of the south-
east Kattegat. Figure 30 shows the relationship between fish biomass and water column
oxygen concentration reported by Pihl (1992) for the south-east Kattegat. Clearly,
water column oxygen depletion as a result of eutrophication can have a major impact
on demersal fisheries but oxygen levels in Port Phillip Bay never approach danger
point.

In conclusion, although positive relationships between primary production fisheries
yield have been observed, direct empirical relationships between nitrogen
concentration and fisheries yield have not been established. More subtle changes in
fish communities such as changes in species composition and a shift towards smaller
size-distributions have been observed but their relationship with nitrogen enrichment
have not been quantified. The effects of nutrients on fisheries are likely to be indirect
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and may either promote productivity by providing more food resources, or reduce
productivity by depleting water column oxygen concentrations through the
decomposition of organic matter. Because of the indirect nature of these relationships,
they are likely to be diffuse and difficult to detect. In contrast, clear, direct impacts of
water column oxygen concentration were detected. Thus, elucidating the relationships
between nitrogen and oxygen concentrations and between oxygen concentrations and
fish community parameters may be of greater value in determining the effects of
nitrogen enrichment on benthic fish communities.
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3. FEED-BACK EFFECTS OF BENTHIC
COMMUNITIES ON WATER AND SEDIMENT QUALITY

The preceding chapter discussed the effects of changes in water and sediment quality
on benthic communities. The aim of this chapter is to review how benthic organisms
affect water and sediment quality. These effects, here termed feed-back effects, can
have important influences on the fate of nutrients in the marine environment and on
how marine ecosystems respond to eutrophication. The focus of this chapter is on feed-
back effects on nitrogen although other environmental parameters are discussed where
they have important direct or indirect influences on nitrogen cycling.

The discussion is limited to the effects of seagrasses, macroalgae, benthic microalgae
and macrofauna although it is recognised that bacteria can have significant impacts on
nutrient cycling through nitrification and denitrification. Given the diffuse nature of the
relationship between nitrogen and fish identified in the preceding chapter and the
added complexity of this relationship caused by fish harvesting (Nikaln, 1986),

the effects of fish on water and sediment quality are not discussed further.

Nutrient flux values have been converted to standard units of § }'rto compare
between studies and between groups of organisms. Positive flux values refer to a net
efflux from the sediments whereas negative values refer to a net influx i.e. uptake
within the sediments.

3.1. Seagrasses

Seagrasses may influence sediment and water quality directly through uptake or release
of nutrients, release of organic matter, loss of leaf material or by promoting
sedimentation (Hemmingatal., 1991), or indirectly through oxygenating the

sediments, therefore promoting nitrification-denitrification processes (Moriarty and

Boon, 1989).

With as much as 60-80% of their biomass in the sediment (Moriarty and Boon, 1989),
and their capacity to absorb nutrients from both the sediment and water column
(Hillman etal., 1989), seagrasses can have major impacts on sediment and water
column nutrient concentrations. Seagrasses may promote the removal of nitrogen from
the sediments through direct uptake. For example, Short (1983a) observed a strong,
negative, logarithmic relationship betweéosteramarina shoot-density and pore-

water NH, concentrations because Ntdas rapidly depleted during seagrass growth
(Figure 2b). However, gross production was extremely high due to the high density of
these meadows (to 10 000 shooté)amd the nitrogen demand exhibited here, relative
to the size of the sediment nutrient pool, may not be typical of seagrass systems
elsewhere (Moriarty and Boon, 1989).

Seagrasses can promote nitrogen flux from the sediment above that of unvegetated
sediments. For example, Short (1983a) measured a releasq dtélkd diffusion of

88 umol N n¥ h* (10.79 g N rif y'Y), compared with a release from seagrass covered
sediment of 138 umol th™* (16.9 g N i y'%). These rates were low compared with
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the observations of lizunatal., (1982) who detected NHelease rates from seagrass
meadows of 116.8 to 186.15 g N°yi”. In a tropical Australian environment, Boon
(1986) reported that NHelease to the water column was 14x higher from a seagrass
meadow than from adjacent unvegetated sites. In contrast, in a temperate Australian
system, Bulthuigtal., (1984) detected no differences in the release offfékh

seagrass covered mudflats compared with unvegetated mudflats. In the same study,
Bulthuisetal., (1984) detected a lower efflux of suspended solids, phosphorus and
silicates from the seagrass meadow than that from the bare mudflats. Thus, the
influence of seagrasses on nutrient flux appear to be variable and site and species
specific.

Seagrasses may also promote nitrification and denitrification. Seagrass roots release
organic exudates and oxygen and therefore provide a suitable environment for
nitrifying bacteria (Moriarty and Boon, 1989). Nitrification rates have been estimated
at between 1 to 2 g Ny (lizumi etal., 1982; Kaspar, 1983), and denitrification
rates of 0.11 to 1.1 g N'fry™* (lizumi etal., (1980) and 0.44 to 2.2 g Ny *

(Kaspar, 1983). However, sediments within seagrass meadows are generally anoxic
environments and the reduction of nitrate to ammonium (ammonification) is a major
path of nutrient cycling (Moriarty and Boon, 1989). Thus, nitrification and
denitrification is low compared with non-seagrass environments, e.g. up to 235°g N m
ytand 97 g N rf y™* for nitrification and denitrification respectively, in unvegetated
sediments (Koike and Sgrensen, 1988).

Seagrasses may increase the total nitrogen load to the system through nitrogen fixation.
Hemmingaetal., (1991) provide rates of nitrogen fixation from a variety of sources of
between 0 to 55 g N Ry * (generally between 0 to 2 g N7y™; see Hemmingatal.,

1991, for more detail). In Marmion Lagoon, Western Australia, Crossland (1988)
estimated that nitrogen fixation by seagrass was 0.25 and 0.015%yN, oy
AmphibolisantarcticaandPosidoniasinuosameadows respectively. Estimates of the
importance of nitrogen fixation to plant nutrition vary from 5 to 10% of requirements
(Kirkmanetal., 1991) to 50% (Moriarty and Boon, 1989).

Sedimentation is another important source of nitrogen loading to the sediments and
settled particles can include sediment, phytoplankton and detritus (Henehailga

1991). The wave attenuation effects of seagrasses have been well established (Fonseca
etal., 1982), and meadows in high velocity areas may be sources of autochthonous
detritus whereas meadows in low velocity areas may be sinks (Faisecd 983).
Almasietal., (1987) provide empirical data on deposition rates of materidiatassia
meadows of 67.1 and 21.6 kg’ng’}, in summer and winter respectively, compared

with 41.2 and 20.3 kg thy* for bare sand areas, and 73.6 and 24.6 kg fhfor

artificial Thalassiastructures. Hemmingatal., (1991), estimated that sedimentation
could account for an input of 60 g N7y to the sediments, based on the work of
Harlin etal., (1982), and that sinking of phytoplankton onto sediments within seagrass
meadows could contribute between 7-45 g Ryil, based on the work of Kenworthy
and Thayer (1984).

Seagrasses have other important effects such as the provision of living space for
suspension- or deposit-feeders and grazers. Brenchley (1982) reported that the roots
and rhizomes of seagrasses reduced the mobility of a variety of burrowing species
including polychaetesAfenicolapacifica A. claparedii, callianassid crustaceans
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(Callianassacaliforniensis Upogebiapugettensiy bivalve molluscsNlacomanasuta
Clinocardiumnuttalli), echinoids Dendrasterexcentricuy and holothuroids
(Leptosynapta&larkii). Consequently, bioturbation by infauna is likely to be limited in
seagrass meadows and Phillipart and Dijkema (1995) found that sediment working and
faecal production of the infaunal polychagtenicolamarinawas considerably lower
within seagrass meadows than in adjacent unvegetated areas. The influence of
bioturbation on sediment processes is discussed in detail later in this review.

3.2. Macroalgae

Macroalgae can have a major influence on water column nutrient concentrations,

either through the uptake of nutrients during growth or their release during
decomposition, acting alternately as nutrient sources or sinks (Hanisak, 1983).
Fluctuations in water column nutrient concentrations in relation to patterns of

macroalgal growth and decomposition, i.e. due to source/sink processes, have also been
observed across large spatial scales (Piriou and Ménesguen, 1992et3itisb992;

Viaroli etal., 1992; Peckoétal., 1994).

Macroalgal nutrient uptake and release has the capacity to influence water column
nitrogen concentrations on a bay-wide scale. For example, in the Lagoon of Venice,
Sfrisoetal., (1992) concluded that macroalgal biomass (priméiiia spp.,) was
correlated with seasonal sediment and water column nitrogen concentrations. In this
study, nitrogen depletion of the water column, from 30-90 uM to 2-7 uM, occurred in
spring due to macroalgal growth. Subsequent nitrogen enrichment of the sediments,
from 1.2 mg N ¢ sediment to 3.1 mg Ngsediment, occurred in late summer due to
macroalgal deposition and decomposition. Piriou and Ménesguen (1992) related
cyclical variations in nitrogen concentrations in the water column to fluctuations in
Ulva biomass. Similarly, in Waquoit BagladophoravagabundandGracilaria
tikvahiaewere able remove substantial quantities of nutrients from the water column
and were considered to be responsible for low water column concentrations in summer
(Peckoletal., 1994).

The influence of macroalgae on water column nutrients may be facilitated by their
capacity for luxury uptake and storage depending on ambient nutrient concentrations
(Hanisak, 1983). In Kiel Bight, Schramatal., (1988) found that tissue nutrient
concentrations were higher in macroalgal tissues than in the surrounding water column,
with nitrogen saturation occurring in winter and limitation in summer. Mgdanh,

(1982) reported that the alggaminarialongicruris stored nitrate to 28 000 times

ambient concentration in winter. This was then available for growth during summer. In
Port Phillip Bay, Browretal., (1980) found that macroalgae growing near the

Werribee Treatment Plant had higher tissue nitrogen concentrations than those further
offshore, which were considered nutrient limited. Given the dynamic relationship
between water column and algal tissue nutrient concentrations, Lyngby (1990) and
Fongetal., (1994) suggest that monitoring macroalgal tissue nutrient concentrations
may be a useful tool for detecting long-term trends in water column nutrient levels and
availability.
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The influence of macroalgae on water column nutrients can be mediated by
environmental factors. For example, in controlled experimental conditions, R¢ckol

al., (1994) found that the growth GladophoravagabundaandGracilaria tikvahiae

under nutrient enriched conditions was not related to tissue nutrient concentrations but
was regulated by water temperature and irradiance. Hanisak (1993) studied
temperature effects on nitrogen release during the decompositéracfaria
verrucosaandUlva lactuca Release rates of nitrogen during decomposition were 5.91
and 6.37 g N M for Gracilaria andUlIva respectively and the rate of decomposition
increased with increasing temperature. These results suggest that nutrient uptake and
release processes of macroalgae are likely to be strongly influenced by factors such as
temperature and light which vary seasonally.

Macroalgae may influence water and sediment nutrient concentrations indirectly by
influencing water column oxygen concentrations. Macroalgal respiration or
decomposition can deplete water column oxygen concentrations and lead to hypoxia
and anoxia (Sfrisetal., 1992; Viarolietal., 1992). For example, Sfrisal., (1992)

found that macroalgal decomposition led to anoxic episodes in the Lagoon of Venice.
This resulted in the rapid reduction of nitrate within the sediments and the concurrent
release of phosphate which subsequently contributed to phytoplankton blooms. A
similar pattern of nitrate consumption and phosphorus release was observed by Viaroli
etal., (1992) in the northern Adriatic Sea following water column oxygen depletion
duringUlva decomposition. In Waquoit Bay, United States, Valetlal., (1992) found

that macroalgal growth and respiration controlled water column oxygen profiles and
that nocturnal respiration accounted for most of the oxygen depletion during this time.
During overcast periods, low irradiance levels led to higher algal respiration rates and
subsequent deoxygenation of the water column (Vadiedh, 1992). Thus, based on

the strong relationships between faunal abundance and water column oxygen levels
identified in the previous chapter, macroalgae may have detrimental impacts on
benthic communities through decomposition and the resulting depletion of oxygen in
the water column.

Additionally, macroalgae may influence other benthic organisms by changing the
quality of the habitat. Viaroktal., (1992) observed that the increased load of organic
material to the sediments as a result of macroalgal blooms, stimulated an increase in the
abundance of grazers and deposit-feeders. In contrast, \é&lala(1992) reported

very clear declines in benthic macroinvertebrate abundance and species richness with
increasing macroalgal biomass. In addition, Valklal., (1992) related the long-term
decline in the catch of the suspension-feeding bivargepectenrradiansin

Waquoit Bay to the multiple effects of macroalgae reducing benthic oxygen levels,
suppressing the efficiency of suspension-feeding and smotheridgnieina

meadows inhabited by this bivalve. A similar decline in the catch of the co-occurring
suspension-feeding bivalvielercenaria mercenariavas not observed and this was
explained by different habitat preferences of this species (Valiala 1992).

3.3. Microalgae

Benthic microalgae reside on or just below the sediment surface and are thus exposed
to water column and sediment nutrient sources. Benthic processes often have a
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regulatory role on processes occurring in the water column (Hopkinson and Wetzel,
1982; Sullivaretal., 1991; Fongetal., 1994). In addition, benthic microalgae can
contribute significantly to the total system primary production (Oweitt., 1986;
Daehnicketal., 1992). Thus, benthic microalgae can have considerable influence over
sediment and water quality characteristics.

Benthic microalgae increase sediment and water column oxygen levels during
photosynthesis. In a series of lab incubations, Wiltshire (1992) recorded a net oxygen
production by benthic microalgae of between 9.14 to 14.01 mawi<@®, thus
supersaturating the sediment pore-water.

By contributing to sediment oxygen concentrations through photosynthesis, benthic
microalgae can regulate NiHux from the sediments (Graneli and Sundback, 1985;
Sundback and Graneli, 1988; Sundbétél., 1991; Wiltshire, 1992). Evidence for this
relationship was provided by Sundbéck and Graneli (1988) and Wiltshire (1992) who
detected negative correlation between ammonium flux and the amount of light
reaching the sediment. Wiltshire (1992) recorded ag fid of -28.2 mmol N rif d*

(-147 g N ni? y'Y) in irradiated core incubations, compared with 5.97 mmol f\drh

(30.5 g N n? y'Y), in darkened incubations. Sundbatkl., (1991) reported a similar
decrease in ammonium flux in response to photosynthetic activities by benthic
microalgae. Ammonium efflux was lower in irradiated incubations i.e. 0 to 50 prhol m
h* (0 to 6.13 g N it y') compared with dark incubations i.e. 6 to 120 pmdlh
(0.73to 14.7 g N My ™). Sundback and Graneli (1988) concluded that the indirect
influence on nitrogen flux, by oxygenating the sediments, was greater than the direct
uptake of nitrogen by these algae. In field and laboratory studies, Graneli and
Sundbéack (1985) estimated that benthic microalgae were responsible for 20% of the
nitrogen uptake within the sediments with the remaining 80% being lost through
denitrification.

In addition to regulating nutrient processes within the sediments, benthic microalgae
can contribute significantly to system primary production. Masini (1987) reported a
gross production by benthic microalgae of 570 g€y compared with seagrass at
350 g C it y™*. Using the Redfield C:N ratio of 6.6 this equates to 86 g/t
Daehnicketal., (1992) calculated that benthic microalgae were responsible for
between 8-42% of system primary production. This equated to an annual production of
approximately 339 g C !(52 g N m* y%). Fieldingetal., (1988) calculated that
benthic microalgae were responsible for 22% of total system primary production and
estimated rates of between 152 g € yit (22.5 g N rif y™%) in exposed sites to 609 g

C m?y* (92 g N n?yY) in sheltered sites. Moncre#tal., (1992) found that annual
production of benthic microalgae was 339 g € (2 g N n’ y*) compared with 256

g C m?y™* by seagrass and 905 g Ciyi* by seagrass-associated epiphytes. In a
mesocosm study, Oviattal., (1986) observed that system primary production was
highly related to diatom abundance and system switching from net autotrophy to
heterotrophy was related to silicon limitation of diatom growth in winter and grazing
pressure on diatoms in summer.

Benthic microalgae often represent a higher biomass than that of phytoplankton in the
overlying water column. For example, in a shallow estuarine system, Lukatelich and
McComb (1986) recorded estimates of water column chlorophyflbetween 0.47 to

0.54 tonnes compared with 19.84 to 22.02 tonnes in the sediments. @hbpn
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(1993) measured sediment chloroplayioncentrations of 39.8 mg htompared with
integrated water column concentrations of 25.9 rifg Additionally, benthic

microalgae have the potential to contribute significantly to phytoplankton composition
and primary production. Shaffer and Sullivan (1988) found that benthic diatoms
accounted for 74% of the taxa occurring in the water column. Lukatelich and McComb
(1986) found that summer-time water column chlorophgibncentrations were

largely due to resuspended benthic microalgae caused by wind-stirring. De Jonge and
Van Beusekom (1992) found that benthic microalgae accounted for about 22% of
water column production in the Ems estuary and over 60% in the Dollard estuary.

Conversely, benthic microalgae may regulate water column productivity through
competitive exclusion of phytoplankton. In a mesocosm study, €talg (1993)

found that benthic microalgal mats could outcompete phytoplankton and floating
macroalgae under nutrient enriched conditions. However, Sundback and Jonsson
(1988) found that, although benthic microalgae were initially stimulated by increasing
nutrient concentrations, as enrichment increased further, phytoplankton production
impeded benthic microalgal production by increasing water turbidity.

Benthic microalgae are important in the diets of infaunal deposit-feeders (Murphy and
Kremer, 1992), and via resuspension, can contribute to diets of suspension-feeders (De
Jonge and Van Beusekom, 1992). Using stable carbon isotope analysis, Murphy and
Kremer (1992) identified that benthic microalgae contributed up to 100% of the diet of
infaunal callianassids. Pageéal., (1992) detected a negative correlation between
sediment chlorophyk concentrations and the abundance of the deposit-feeding
molluscMacomanasuta De Jonge and Van Beusekom (1992) estimated that
resuspended benthic microalgae accounted for 50% of the food resources available to
suspension-feeders in the Ems-Dollard estuarine system.

3.4. Benthic Macrofauna

In Port Phillip Bay, suspension-feeders and deposit-feeders dominate the invertebrate
macrofauna (Poore, 1992). In the Bay, suspension-feeders have been calculated to
represent approximately 50% of the total biomass and be responsible for 15% of all
organic material ingested and, because of their high assimilation efficiency, 42% of all
organic matter assimilated (Wilsenal., 1993). Deposit-feeders represent

approximately 35% of the biomass, 85% of the organic matter ingested and 50% of the
organic matter assimilated (Wilsenal., 1993).

3.4.1. Suspension-feeders

Suspension-feeders promote the flux of ammonium from sediments. For example, in a
study of the interactive effects of nutrient enrichment and mussel densityefalns
(1995) found that under ambient nutrient conditions, Ntk ranged from 10.2 to

19.5 pmol nif h'* showing no consistent pattern with mussel density. However, under
enriched conditions, Nlefflux was higher than in the ambient treatments, and
increased from 15.5 to 72 umolTh™ as mussel density increased from 18 to 142
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mussels per ih These values equate to 1.25 to 2.39 and 1.90 to 8.83 § ' for
ambient and enriched conditions respectively.

The relative contributions of bivalve excretion, mortality, and sediment diffusion to
DIN flux were investigated in a mesocosm study by Doegirad., (1986). These
researchers observed that the efflux of dissolved inorganic nitrogen (DIN) was higher
in tanks in which the infaunal bivaMercenaria mercenariavas present than where

it was absent and this was considered to be related to clam mortality, excretion or
bioturbation. These researchers detected an inverse relationship between DIN flux and
bivalve mortality and calculated that mortality and subsequent decomposition
accounted for 6%, of the flux (1.6 g NT§), whereas excretion accounted for
between 34 to 63% of the DIN flux (9.23 t017.13 g N yit). In this study, the role of
bioturbation in stimulating DIN flux was comparable to direct excretioklby
mercenariaand accounted for 31 to 60% of the DIN flux (8.42 to 16.32 ga\y/M).

Suspension-feeders may improve water clarity by removing suspended particles from
the water column and in some instances have a considerable filtration capacity. In a
mesocosm study, Primsal., (1995) found that at high mussel densities (up to 74P m

, the rate of phytoplankton consumption was greater than production, leading to an
overall decrease in phytoplankton biomass and production. At low bivalve densities (16
m?), Doeringetal., (1986) however, found that suspension-feeders did not limit
phytoplankton biomass but rather increased system production and promoted
sedimentation. In a field based study, Cloern (1982) calculated that suspension-feeding
bivalves were capable of filtering a volume of water equivalent to the volume of South
Bay, San Francisco Harbour between 1.2 to 1.8 times per day and were the main factor
regulating phytoplankton growth in summer and autumn. Loo and Rosenberg (1989)
estimated that bivalves filtered the volume of water in Laholm Bay, Sweden, to a depth
of 5 metres every three days. Despite this considerable filtration capacity, the majority
of phytoplankton were advected from the bay by water currents (Loo and Rosenberg,
1989). In Port Phillip Bay, it has been estimated that suspension-feeders filter between
18 and 95 | g AFDW animal &, depending on taxa. Given the abundance and

biomass of suspension-feeders in the Bay, this filtration rate is equivalent to the entire
volume of the Bay being filtered every 16 to 24 days (Poore, 1992; \\étson

1993)

Additionally, suspension-feeders promote deposition to the sediments. For example,
Hatcheretal., (1994) found that sedimentation rates were higher under suspended
mussel rafts than at reference sites and that increased DIN flux from the sediments was
related to the increased rate of sedimentation. In a mesocosm study, Doering and
Oviatt (1986) found that the bival\ercenaria mercenariancreased sedimentation

of carbon by up to 58%, with 32 % of this due to assimilative uptake, 47% due to
bivalve respiration and 21% due to permanent biodeposition.

3.4.2. Deposit-feeders

Deposit-feeding infauna may be tube-builders or free-living burrowers and feed either

at the sediment-water interface or at sub-surface levels (Bird, 1994). These fauna can
have important direct influences on physical and chemical processes in the sediments
by promoting particle and solute transport and their influence varies according to their
feeding, burrowing or tube-building activities (Bird, 1994).
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The effects of bioturbation on physical and chemical processes in marine sediments has
been the subject of numerous reviews (Rhoads and Young, 1970; Gray, 1974; Rhoads
and Boyer, 1982; Aller, 1982, 1983, 1988; Kristensen, 1988). Wdtah, (1993)

reviewed the effects of invertebrates, including deposit-feeders, on nutrient cycling in
Port Phillip Bay and presented data on the ingestion, assimilation and excretion rates of
these fauna. Although these reviews are extensive in their scope and detailed in their
treatment of bioturbation and the role of deposit-feeders in nutrient cycling, they do

not always quantify rates of nutrient flux or nitrification and denitrification in

bioturbated sediments. The following section provides some empirical data.

Infaunal deposit-feeders promote the flux of solutes from the sediments through
excretion or through irrigation and ventilation of tubes and burrows. For example,
Kristensen and Blackburn (1987) measured a DIN flux of 3.07 mmofNh(15.7 g

N m?y™?) from sediments inhabited by the polychaeezeisvirensat a density of

1800 individuals rif, compared with 0.89 mmol N'Ad™* (4.5 g N n¥ y'?) from

aerated sediments from which all fauna had been removed. In a study of the effects of
Nereisdiversicoloron NH, flux, Davey and Watson (1995) recorded flux rates of 140

- 422 g N n? y* in high faunal densities (2000 - 4000%n135 - 501 g N M y*at

medium faunal densities (100 - 1000131 - 327 g N nf y* at low faunal densities

(50 - 450 nif) and -2.94 to 202 g N'fy™* in relatively depauperate (control)

sediments. Bantatal., (1995) reported DIN flux rates of 2 to 5 mmol Nuii* (5.11

to 25.5 g N it y'%), from sediments inhabited by between 20 000 to 100 000
individuals per rif, (typically consisting of the bivalMduculaannulata and the
polychaete®Nephtysncisa MediomastusmbisetaCyclinchnaoryzaplus spionid
polychaetes, representing 76 to 95% of the faunal community). Aller and Yingst (1985)
measured the NHlux rates from sediments inhabited by the polychbietieromastus
filiformis, and the deposit feeding bivalvescomabalthicaandTellina texicanaof

15.84 g N nf y!, 12.97 and 44.15 g N Ay ! respectively. These values are high
compared with those estimated for sediments inhabited by callianassid shrimp i.e. 0.49
g N m? y'* for C. rathbunaeandC. jonesiin tropical waters (Murphy and Kremer,

1992), and 0.60 g thy ! in temperate waters (Mukai and Koike, 1984).

Thus, deposit-feeders perform an important function in nutrient regeneration and this
may be a significant contribution to nutrient cycling in marine environments. For
example, Murphy and Kremer (1992) estimated that the filished from callianassid
burrows supplied 5% of the nitrogen demand for benthic primary production and the

net nitrogen flux from these bioturbated sediments supplied 21% of the benthic

primary production nitrogen demand. In the Tamar Estuary, south-western England,
Davey and Watson (1995) calculated that the, Miteased by burrows of.

diversicolor assuming the worms cover an area of 0.7 &nma density of 3000

individuals m?, contributed 10-20 times more kb the water column than did mean
annual discharges from riverine or sewage sources. Although these figures are based on
a number of assumptions and do not take seasonal variations in polychaete density and
nitrogen loading into consideration, they imply that the regeneration of inorganic
nitrogen from the sediments is potentially very high.

Although deposit-feeders may directly increase; ik from the sediments, they
indirectly promote nitrification, the oxidation of Nib NO; through aeration of the
sediments (Koike and Mukai, 1983; Koike and Sgrensen, 1988). Nitrification promotes
denitrification, the reduction of Nand NQ to nitrogen gas, by increasing the supply
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of nitrate in the sediments and these processes are often tightly coupled (Koike and
Sgrensen, 1988). Nitrification and denitrification lead to the consumption of
ammonium and the production and advection of nitrogen gas from the sediments and
thus represent an important sink for nitrogen in marine sediments (Koike and Sgrensen,
1988). Huttel (1990) found that nitrate concentrations increased and ammonium
concentrations decreased with increasing depth in the burrows of the polychaete
Arenicolamarina and suggested that this was evidence of nitrification and consequent
denitrification occurring in the burrows. Kristensen and Blackburn (1987) measured
nitrification and denitrification in sediments inhabitedNbyirensat 12.43 mmol Nkl
m?d*(63.3gNnfy?) and 7.11 mmol N fAd* (36.3 g N i y'?) respectively,

compared with defaunated sediments at 5.44 mrifalif(27.78 g N rif y'*) and 3.01

mmol N m? d* (15.4 g N nf y'Y) respectively, but could not detect evidence of
denitrification in anoxic sediments. Laatal., (1991) found that denitrification was
strongly related to bioturbation by the polychagezeisvirensand accounted for

8.5% (mean of 4.78 g N'fy' %), of the annual N loading and up to 100% of the N
loading to the sediments during summer. Séithl., (1995) reported that

denitrification may be inhibited in the presence of hydrogen sulphide in the sediments,
and Osingatal., (1995) observed that the urclidohinocardiuncordatumfacilitated
sulphide oxidation by aerating the sediments.

Although bioturbation by infaunal deposit-feeders promotes the net loss of nitrogen
from marine environments, many studies have shown that the potential for nitrification
and denitrification to account for additional nitrogen loads under enriched conditions is
limited. Sayama and Kurihara (1983) and Skithl., (1995) reported conflicting

effects of nutrient enrichment on denitrification in the sediments. Sayama and Kurihara
(1983) found that in the absence of nutrient enrichment, the polydiaatghes
japonicaincreased denitrification from 12.88 g Kg DW sedirffeyit to 36.74 g kg

DW sedimernit y!, whereas in enriched treatments there was little difference in the
rates of denitrification for faunated and defaunated sediments respectively (44.15 and
33.11 g kg DW sedimetity™). Under low nutrient conditiorl. japonicapromoted
denitrification, probably through bioirrigation bringing oxygen and nitrate into the
burrow, which would otherwise be nutrient limited, whereas under enriched conditions,
simple diffusion of water column nitrate appeared to be high enough to support high
levels of denitrification.

In contrast, Slotletal., (1995) found that a moderate nutrient loading (30 g3\bfm
nitrate) stimulated denitrification whereas high loadings (100 g2 fmitrate)

inhibited denitrification. These authors speculated that the presence of hydrogen
sulphide inhibited denitrification. Similarly, Lagtal., (1991) found little relationship
between the rate of denitrification in the sediments and nitrate concentrations in the
overlying water column and conclude that denitrification does not automatically
regulate water column nitrate levels when nitrate levels are enriched.

3.4.3. Interactions between deposit-feeders and suspension-feeders and
implications for Port Phillip Bay

In marine sediments, interactions between benthic invertebrates can have important
influences on infaunal community structure (Brenchley, 1982; Posey, 1987;&osey
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al., 1991; Flach, 1992). For example, bioturbation by deposit-feeders reduces the shear
strength of surface sediments which promotes sediment resuspension (Davis, 1993).
Increased sediment resuspension can have detrimental effects on suspension-feeders
(Rhoads and Young, 1970), particularly those which compensate for increased particle
concentrations by reducing clearance rates (Bricelj and Malouf, 1984). Mobile fauna
may also physically disturb sessile fauna (Rhoads and Boyer, 1982;d?atey1991).
Conversely, the tubes of sessile suspension-feeders may physically obstruct the
movement of burrowing infauna (Brenchley, 1982; Posey, 1987).

Posey (1987) found that mobile fauna could competitively exclude sedentary species
through disturbance or physical disruption of burrows and tubes whereas sedentary
species could exclude mobile species through binding the sediments or physical
obstruction. Additionally, large species could exclude smaller species but smaller taxa
were not found to exclude larger taxa. In a subsequent study, €t@dg)(1991)

found that callianassid shrimp excluded some benthic infauna e.g. the infaunal bivalve
Macomabalthicaand polychaeteStreblospidenedictiandPseudopolydora kempi

but promoted the abundance of other species e.g. the polycGagtesmia sp., and
Heteromastuséliformis and the amphipodSorophiumascherusicunandLeptochelia
dubia Rhoads and Boyer (1982) reported that small taxa may co-exist with larger taxa
if they are spatially separated, e.g. if smaller taxa are restricted to the superficial
sediments and larger taxa to the deeper sediments.

Wilsonetal., (1993) pointed out that the effects of benthic community structure, e.g.

of species composition and size-distribution on nutrient cycling in marine sediments
could not be easily identified. In tidal flats in the German Wadden Sea, Asmus (1994)
compared the contribution of the deposit-feeding gastréfyollobiaulvaeand the

large, suspension-feeding bivalMgtilus edulisto energy flow. These organisms
exhibited size-related peaks in biomass, production and respiration on these tidal flats.
Asmus (1994) calculated that, given a 1% cover of the tidal flat by mussels, deposit-
feeders would dominate the system, and the food-chain would be based on
autochthonous primary production by benthic microalgae. If mussel beds covered 10%
of the tidal flats, suspension-feeders would dominate system energy flow and the food
chain would be based on water column primary production and allochthonous nutrient
resources.

In Port Phillip Bay, the effects of the introduced suspension-feeding polychaete
Sabellaspallanzaniion benthic community structure and nutrient cycling in the Bay is
an area of potential concern. Evidence from Cockburn Sound, Western Australia,
which shares similar sediment and water depth characteristics with Port Phillip Bay,
suggests tha. spallanzaniiis capable of forming large, homogenous beds; up to 20 ha
in area, with a density of up to 256 individual€,mccurring at depths of 3 to 15m
(Clapin and Evans, 1995). Although it is possible that newly settled lanfe of
spallanzaniimay be competitively excluded by large, mobile fauna, these worms may
achieve a size- or density-related protection from disturbance, either as the size of the
individuals or size of the beds grow. Additionally sBallanzaniicould begin to have
detrimental impacts on bioturbators through physical obstruction.
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This has important implications for the ecology of Port Phillip Bay where the sediments
are considered to be a net sink for nutrients due to the high rate of sediment reworking
by infaunal deposit-feeders (Wilsenal., 1993). A change in the benthic community

from deposit-feeding bioturbators to suspension-feeders has the potential to decrease
the role of sediment reworking and denitrification in nutrient cycling, promote
ammonium flux from the sediments and shift the bay towards a phytoplankton based
system.
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4. CONCLUSIONS

Clear patterns of community change in relation to eutrophication can be identified and
have been qualitatively described in coastal bays and estuaries throughout the world.
For primary producers, there is a general shift from large macrophytes, which are
capable of storing nutrient and are more competitive at low nutrient levels, towards
ephemeral algae and phytoplankton which are distributed higher in the water column
and are more competitive at higher nutrient loadings. An increased production of free-
floating, ephemeral macrophytes and phytoplankton can increase water turbidity with
subsequent negative impacts on benthic primary producers. Additionally, increased
sedimentation of organic material may occur, which can initially promote deposit-
feeders, increase benthic respiration and lead to hypoxia and anoxia in the sediments.
Thus, for secondary producers, an overall reduction in species diversity and abundance
is a typical response to eutrophication. There is a general loss of larger size-classes of
fauna, and a shift towards small, opportunists, generally dominated by deposit-feeding
polychaetes. Although these patterns can be observed in marine systems experiencing
eutrophication, rarely have they been quantitatively linked to nutrient loadings.

So, although seagrass degradation and loss has been attributed to the effects of
eutrophication, empirical relationships between nutrient loadings and seagrass decline
have not been quantified. In the figures presented in this review, there appeared to be
little relationship between environmental nitrogen concentrations and either seagrass
shoot density, biomass or production. This is likely to be related to species- and site-
specific differences in nitrogen demand. In some examples, seagrasses are able to
rapidly deplete nitrogen in the sediments and nitrogen limitation of seagrass growth has
been observed, whereas in other examples phosphorus limitation has been observed.
Additionally, the capacity for nutrient storage and translocation further diminish direct
correlation between water and sediment nitrogen concentrations and seagrass growth
parameters.

In contrast, studies on light levels in the water column and seagrass abundance are
highly correlated; seagrasses decline rapidly under low light regimes, and recover only
slowly even months after the removal of artificial shading. In addition, the capacity of
seagrass epiphytes and periphyton to attenuate light reaching the seagrass leaves and
for epiphytes and periphyton to respond rapidly when nutrients and light are available
has also been demonstrated. Thus, measuring relationships between nutrients,
epiphytes and light attenuation may be more important than direct observations of
nutrient-seagrass relationships when trying to determine the likely effects of
eutrophication on seagrasses.

For macroalgae, although large scale blooms of floating macroalgae, typilsal]y
CladophoraandEnteromorphaare a commonly reported symptom of eutrophication,

few studies have empirically linked increases in algal biomass to increases in nutrient
loadings. Relationships were inconsistent between nutrient concentrations and algal
biomass and production reported in field and laboratory studies. Given the capacity of
macroalgae for luxury uptake and storage of nutrients, and the release of nutrients
during decomposition, it is not surprising that stronger relationships between nutrient
concentrations and macroalgal growth were not observed. Additionally, nutrient uptake
and release processes of macroalgae have the capacity to influence water and sediment
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nutrient concentrations over large spatial scales. Thus, simultaneous measurements of
environmental nutrient concentrations and macroalgal biomass may not be effective as
early indicators of eutrophication. Other measures which integrate environmental
conditions over longer time-frames are likely to provide more efficient tools for the

early indication of eutrophication. The use of macroalgal tissue nutrient concentrations
or changes in algal depth distribution are examples of this approach.

Changes in biomass or production of periphyton and benthic microalgae did not
correlate with nitrogen concentrations. Periphyton biomass is likely to be highly
influenced by the availability of living space provided by the host seagrass or by
grazers. Field studies of benthic microalgae have shown that factors such as irradiance,
water temperature, sediment-type, tidal influences and wave exposure have a greater
direct influence on benthic microalgal assemblages than nutrient concentrations. Thus,
relationships between environmental nutrient concentrations and microalgal biomass
and production are likely to be difficult to detect due to the confounding effects of

other factors.

Studies on shifts in microalgal community structure in relation to nutrient enrichment

do not report consistent trends, although most studies report a shift from a diatom
dominated to a cyanobacteria dominated assemblage. Grazing on diatoms by
macrofauna, and nutrient enriched growth of cyanobacteria have been implicated as
mechanisms influencing this transition. The relatively low transfer of energy to higher
trophic groups under nutrient enriched conditions in mesocosm studies has been linked
to the dominance of cyanobacteria which are generally poor food substrates for
grazers.

The abundance, biomass and production of macrofauna did not exhibit clear
relationships with environmental nitrogen concentrations except in studies carried out
over long-time periods e.g. 15 years. In addition, transitions between trophic groups
could not be detected in relation to nitrogen concentrations. However, clear and
consistent patterns of community change have been observed in sediments adjacent to
sewage outfalls from a wide range of geographical locations although these patterns
have rarely been empirically related to increases in nutrient loadings. These links are
difficult to derive from the literature, either due to limitations of the study e.g.
environmental parameters not measured or limited spatial and temporal scales.
Alternatively, the links between nutrient loads and macrofaunal community parameters
may be difficult to isolate due to the scales of natural variability associated with
measurements of these parameters, or due to the diffuse nature of the associations. In
contrast, the detrimental effects of water column anoxia on benthic macrofauna can be
easily measured and positive relationships between water column oxygen
concentrations and macrofaunal density were observed. An examination of links
between nutrient loadings and episodes of water column hypoxia or anoxia and
between water column oxygen concentrations and macrofaunal abundance, species
composition, biomass or production may yield more useful information on the

influence of nutrients on macrobenthic communities.

Increases in fish abundance, growth rate, biomass and productivity have been reported
in areas experiencing eutrophication. However, increases in fisheries yields have
generally been linked with greater fishing effort rather than to the direct influence of
eutrophication. In addition, empirical links between nutrient loads and fish abundance,
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biomass and production are difficult to quantify due to the high degree of variability
associated with measurements of these parameters. In contrast, changes in community
size-structure and species composition have been related to the effects of
eutrophication, either as a result of changes in the quality of benthic habitats or as a
result of episodic anoxia. The effects of anoxia on fish are direct and can be relatively
easily measured and declines in fish biomass have been empirically linked to low water
column oxygen concentrations.

Based on the information available on Port Phillip Bay, it would appear that present
nutrient levels in the Bay, are unlikely to cause the severe, bay-wide effects associated
with eutrophication which have been observed in northern European and American
estuaries, coastal embayments and seas. Effects of the Werribee treatment plant can
only be detected within a few hundred metres of the outfall and elsewhere in the bay,
nitrogen limitation of primary production has been observed. Unlike examples from the
Baltic Sea, Mediterranean Sea, and Japanese and North American waters, where water
column anoxia has had severe impacts on the benthos, water column oxygen
concentrations in Port Phillip Bay appear high and capable of supporting a rich
diversity of benthic macrofauna. Although macrofaunal communities near the
Werribee treatment plant are dominated by deposit-feeding polychaete species which
are characteristic of disturbed sites elsewhere, in the Bay, macrofaunal communities
are dominated by large, relatively long-lived fauna such as infaunal callianassid
crustaceans, urchins, and bivalve molluscs. These infauna facilitate important benthic
processes such as denitrification, which can be an important sink for the advection of
nitrogen from coastal marine systems. Although the current distribution and rate of
invasion of the polychaete worBabellaspallanzaniiin Port Phillip Bay is unknown,

there exists the potential for this species to have negative impacts on infaunal
bioturbators through competitive exclusion within the sediments. This is likely to

impact on key processes such as sedimentation and denitrification and potentially shift
the Bay towards a phytoplankton based system.
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8. FIGURE CAPTIONS

Figure 1.

(a)Changes in seagrass shoot density in relation to water column dissolved inorganic
nitrogen concentration.

(b)Changes in seagrass shoot density in relation to water column ammonium
concentration.

(c)Changes in seagrass shoot density in relation to water column nitrate+nitrite
concentration.

Figure 2.

(a)Changes in seagrass shoot density in relation to sediment pore-water dissolved
iInorganic nitrogen concentration.

(b)Changes in seagrass shoot density in relation to sediment pore-water ammonium
concentration.

Figure 3.

(a)Changes in seagrass above-ground biomass in relation to water column dissolved
iInorganic nitrogen concentration.

(b)Changes in seagrass above-ground biomass in relation to water column ammonium
concentration.

(c)Changes in seagrass above-ground biomass in relation to water column
nitrate+nitrite concentration.

Figure 4.

(a)Changes in seagrass above-ground biomass in relation to sediment pore-water
dissolved inorganic nitrogen concentration.

(b)Changes in seagrass above-ground biomass in relation to sediment pore-water
ammonium concentration.

Figure 5.

(a)Changes in annual seagrass above-ground production in relation to water column
dissolved inorganic nitrogen concentration.

(b)Changes in annual seagrass above-ground production in relation to water column
ammonium concentration.

(c)Changes in annual seagrass above-ground production in relation to water column
nitrate+nitrite concentration.
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Figure 6.

Changes in annual seagrass above-ground production in relation to sediment pore-
water dissolved inorganic nitrogen concentration.

Figure 7.

Seagrass leaf production in relation to irradiance (after Wallar, 1994, circles
refer toPosidoniasinuosatriangles refer t&\mphibolisantarcticg open symbols =
culture at 18C, closed symbols = culture at°Z3.

Figure 8.

Decline in seagrass shoot density under light reduction manipulations. Light reduction
is presented as a percentage of surface irradiance (after Bulthuis, 1983).

Figure 9.

Relationship between periphyton biomass on seagrass leaves and light attenuation at
the leaf surface. (Light attenuation reported as a percentage of surface irradiance).

Figure 10.
Decline in seagrass production in relation to light attenuation caused by epiphytes.

Figure 11.
Changes in macroalgal biomass in relation to water column total nitrogen.

Figure 12.

(a)Changes in macroalgal biomass in four bays in the Lagoon of Venice, in relation to
water column dissolved inorganic nitrogen concentration (after ftislo, 1992).

(b)Changes in macroalgal biomass, averaged within seasons, in four bays in the
Lagoon of Venice, in relation to water column dissolved inorganic nitrogen
concentration (after Sfrisetal., 1992).

(c)Changes in macroalgal biomass, averaged within seasons, in relation to water
column dissolved inorganic nitrogen (after Sfregaal, 1992).

Figure 13.

(a)Changes in macroalgal epiphyte biomass (péiotseagrass leaf) in relation to
water column dissolved inorganic nitrogen concentration (after Watledr,
1994).

(b)Changes in macroalgal epiphyte biomass (péradrseagrass leaf) in relation to
water column ammonium concentration (after Watksal., 1994).
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(c)Changes in macroalgal epiphyte biomass (pérafrseagrass leaf) in relation to
water column nitrate concentration (after Walkeal., 1994; * = batch culture; **
= continuous culture).

Figure 14.

(a)Changes in macroalgal epiphyte growth rate (pérotseagrass leaf) in relation to
water column ammonium concentration (after Waldal., 1994).

(b)Changes in macroalgal epiphyte growth rate (pérafreeagrass leaf) in relation to
water column nitrate concentration (after Wal&eal., 1994).

Figure 15.

Changes in macroalgal growth rate (wet weight) in relation to water column dissolved
inorganic nitrogen concentration (after Schraetral., 1988).

Figure 16.

Changes in macroalgal growth rate (dry weight) in relation to water column dissolved
inorganic nitrogen concentration (after Pedersen, 1995).

Figure 17.

(a)Changes in macroalgal epiphyte biomass in relation to irradiance (after \&talker
al., 1994; open symbols: summer; closed symbols: winter).

(b)Changes in macroalgal epiphyte production in relation to irradiance (after Walker
etal., 1994; open symbols: summer; closed symbols: winter).

Figure 18.

(a)Changes in periphyton biomass on seagrass leaves in relation to water column
dissolved inorganic nitrogen concentration (after Hillregal., 1991; PRH:
Princess Royal Harbour; OH: Oyster Harbour; KGS: King George Sound; open
symbols:Posidoniaaustralis closed symbold?osidoniasinuosa.

(b)Changes in periphyton biomass on seagrass leaves in relation to water column
ammonium concentration (after Hillmamal., 1991; PRH: Princess Royal
Harbour; OH: Oyster Harbour; KGS: King George Sound; open synadsdonia
australis closed symbold?osidoniasinuosa.

(c)Changes in periphyton biomass on seagrass leaves in relation to water column
nitrate+nitrite concentration (after Hillmaal., 1991; PRH: Princess Royal
Harbour; OH: Oyster Harbour; KGS: King George Sound; open syniadsdonia
australis closed symbol€?osidoniasinuosa.
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Figure 19.
Changes in benthic microalgal production in relation to irradiance.

Figure 20.
Relationships between benthic and phytoplanktonic microalgal production.

Figure 21.

(a)Changes in macrofaunal density in relation to water column total nitrogen
concentration (* data from Poore and Rainer (1974) includes molluscs only).

(b)Changes in macrofaunal density in relation to water column dissolved inorganic
nitrogen concentration (* data from Poore and Rainer (1974) includes molluscs

only).

Figure 22.

(a)Changes in macrofaunal density, averaged within seasons, in relation to water
column dissolved inorganic nitrogen concentration (after Bogdanos and Satsmadijis,
1992).

(b)Changes in macrofaunal species richness, averaged within seasons, in relation to
water column dissolved inorganic nitrogen concentration (after Bogdanos and
Satsmadjis, 1992).

Figure 23.

Change in the biomass of molluscs, divided into feeding-groups, in relation to water
column total nitrogen concentration (after Poore and Rainer, 1974; Epi = epibenthic,
Inf = Infaunal, SF = suspension-feeders, DF = deposit-feeders).

Figure 24.

(a)Changes in macrofauna biomass in the Dutch Wadden Sea in relation to total
nitrogen loading of the Rhine River (Macrofauna data after Beukema and Cadée,
1986; Nitrogen data after Nienhuis, 1992).

(b)Changes in macrofauna biomass in the Dutch Wadden Sea in relation to dissolved
inorganic nitrogen loading of the Rhine River (Macrofauna data after Beukema and
Cadée, 1986; Nitrogen data after Nienhuis, 1992).

(c)Changes in macrofauna biomass in the Dutch Wadden Sea in relation to nitrate
loading of the Rhine River (Macrofauna data after Beukema and Cadée, 1986;
Nitrogen data after Nienhuis, 1992).

(d)Changes in macrofauna biomass in the Dutch Wadden Sea in relation to ammonium
loading of the Rhine River (Macrofauna data after Beukema and Cadée, 1986;
Nitrogen data after Nienhuis, 1992).

Figure 25.
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(a)Changes in macrofauna production in the Dutch Wadden Sea in relation to total
nitrogen loading of the Rhine River (Macrofauna data after Beukema and Cadée,
1986; Nitrogen data after Nienhuis, 1992).

(b)(b)Changes in macrofauna production in the Dutch Wadden Sea in relation to
dissolved inorganic nitrogen loading of the Rhine River (Macrofauna data after
Beukema and Cadée, 1986; Nitrogen data after Nienhuis, 1992).

(c)Changes in macrofauna production in the Dutch Wadden Sea in relation to nitrate
nitrogen loading of the Rhine River (Macrofauna data after Beukema and Cadée,
1986; Nitrogen data after Nienhuis, 1992).

(d)Changes in macrofauna production in the Dutch Wadden Sea in relation to
ammonium nitrogen loading of the Rhine River (Macrofauna data after Beukema
and Cadée, 1986; Nitrogen data after Nienhuis, 1992).

Figure 26.
(a)Changes in macrofauna density in relation to water column oxygen concentration.

(b)Changes in macrofauna density, divided into taxonomic groups, in relation to
water column oxygen concentration (after Uetal., 1994).

Figure 27.

(a)Changes in water column oxygen concentration in relation to water column total
nitrogen concentration in Port Phillip Bay (after MMWB and FWD, 1973).

(b)Changes in water column oxygen concentration in relation to water column
dissolved inorganic nitrogen concentration in Port Phillip Bay (after MMWB and
FWD, 1973).

(c)Changes in water column oxygen concentration in relation to water column
nitrate+nitrite concentration in Port Phillip Bay (after MMWB and FWD, 1973).

(d)Changes in water column oxygen concentration in relation to water column
ammonium concentration in Port Phillip Bay (after MMWB and FWD, 1973).

Figure 28.

(a)Changes in fish biomass in relation to water column total nitrogen concentration in
Port Phillip Bay (after MMWB and FWD, 1973).

(b)Changes in fish biomass in relation to water column dissolved inorganic nitrogen
concentration in Port Phillip Bay (after MMWB and FWD, 1973).

(c)Changes in fish biomass in relation to water column ammonium concentration in
Port Phillip Bay (after MMWB and FWD, 1973).

(d)Changes in fish biomass in relation to water column nitrate+nitrite concentration in
Port Phillip Bay (after MMWB and FWD, 1973).
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Figure 29.

Changesin fisheriesyield in relation to primary production in estuarine and coastal
systems (adapted from Nixon et al., (1986); data drawn from 35 studies - refer to
Nixon et al., (1986) for full details).

Figure 30.

Changesin fish biomassin relation to water column oxygen concentration (open
symbols: after MMWB and FWD, 1973; closed symbols: after Pihl, 1992).
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