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Macroalgal blooms in shallow estuaries: Controls and ecophysiological and ecosystem

consequences

Ivan Valiela, James McClelland, Jennifer Hauxwell, Peter J. Behr, Douglas Hersh,' and

Kenneth Foreman?

Boston University Marine Program, Marine Biological Laboratory, Woods Hole, Massachusetts 02543

Abstract

Macroalgal blooms are produced by nutrient enrichment of estuaries in which the sea floor lies within the photic
zone. We review features of macroalgal blooms pointed out in recent literature and summarize work done in the
Waquoit Bay Land Margin Ecosystems Research project which suggests that nutrient loads, water residence times,
presence of fringing salt marshes, and grazing affect macroalgal blooms.

Increases in nitrogen supply raise macroalgal N uptake rates, N contents of tissues, photosynthesis-irradiance
curves and P,,,, and accelerate growth of fronds. The resulting increase in macroalgal biomass is the macroalgal
bloom, which can displace other estuarine producers. Fringing marshes and brief water residence impair the intensity
of macroalgal blooms. Grazing pressure may control blooms of palatable macroalgae, but only at lower N loading
rates. Macroalgal blooms end when growth of the phytoplankton attenuates irradiation reaching the bottom. In
estuaries with brief water residence times, phytoplankton may not have enough time to grow and shade macrophytes.
High phytoplankton division rates achieved at high nutrient concentrations may compensate for the brief time to
divide before cells are transported out of the estuary.

Increased N loads and associated macroalgal blooms pervasively and fundamentally alter estuarine ecosystems.
Macroalgae intercept nutrients regenerated from sediments and thus uncouple biogeochemical sedimentary cycles
from those in the water column. Macroalgae take up so much N that water quality seen:s high even where N loads
are high. Macroalgal C moves more readily through microbial and consumer food webs than C derived from
seagrasses that were replaced by macroalgae. Macroalgae dominate O, profiles of the water columns of shallow
estuaries and thus alter the biogeochemistry of the sediments. More frequent hypoxia and habitat changes associated
with macroalgal blooms also changes the abundance of benthic fauna in affected estuaries.

Approaches to remediation of the many pervasive effects of macroalgal blooms need to include interception of
nutrients at their watershed sources and perhaps removal by harvest of macroalgae or by increased flushing. Al-
though we have much knowledge of macroalgal dynamics, all such management initiatives will require additional

information.

The appearance of dense canopies of macroalgae in ben-
thic communities of shallow water bodies is an increasingly
common phenomenon along virtually all the world’s shore-
lines. Even a short list of published studies attests to the
widespread distribution of macroalgal blooms (Table 1).

Macroalgal blooms in temperate, relatively nutrient-rich
waters (concentration of dissolved inorganic N, DIN > a few
uM), consist of extraordinary growth and dominance of a
relatively small group of taxa (Table 1). These so-called nui-
sance seaweeds are largely filamentous, unattached forms
and are predominantly green algal species, at least in nutri-
ent-rich, temperate waters. Occasionally, other taxonomic
groups of macroalgae form blooms: a brown alga (Pilayella
littoralis) has bloomed for decades in loose bundles of free-
living fronds within a Massachussetts bay subject to some
nitrogen loading by wastewater (Wilce et al. 1982; Pregnall
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and Miller 1988). In nutrient-poor or tropical waters, ma-
croalgal blooms may be more taxonomically diverse (La-
pointe 1987). Growth of blooms of nuisance species in al-
most every case displaces seagrasses, corals, or brown and
red algae (Table 1).

Macroalgal blooms are unlike microalgal blooms in at
least three ways: they lack direct chemical toxicity, have a
broader range of ecological effects, and last longer. The term
“harmful algal blooms” generally has been used to refer to
episodic increases in abundance of microalgal organisms that
have some direct chemical-based toxic effect on animal or
human health, or cause damage in other ways, such as bio-
mass decomposition and anoxia. The harmful effects of ma-
croalgal blooms are generally not mediated by toxic sub-
starces, probably as a fortuitous accident of taxonomy. Green
algae are the most common seaweeds involved in bloom
episodes, at least in temperate waters (Table 1), and greens
also turn out to be the group of macroalgae least likely to
contain and release toxic compounds (Hay and Fenical
1988).

Both microalgal and macroalgal blooms may have inten-
sive consequences; the contrast is in the breadth of effects.
The effects of macroalgal blooms are rather indirect and ex-
tensive, in contrast to the more direct and narrowly focused,
often toxic, effects of most microalgal blooms. The multi-
faceted effects of macroalgal blooms may thoroughly alter
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Table 1. Selected examples of studies documenting the occurrence of seaweed blooms.

Some effects Reference

Locality Seaweed taxa
Peel-Harvey estuary, Aus- Cladophora, Ulva, Enteromorpha
tralia
Great Barrier Reef, Aus- —
tralia
Kanehoe Bay, Hawaii Dictyosphaeria
Venice Lagoon, Italy Ulva
N. Meditteranean coasts Caulerpa

NW Black Sea Enteromorpha, Cladophora

Baltic Sea Cladophora, Enteromorpha
Bermuda Cladophora

Coos Bay, U.S. Enteromorpha

Branford River, U.S. Ulva

Waquoit Bay, U.S. Cladophora, Gracilaria
Great Lakes, U.S. Cladophora

Nahant Bay, U.S. Pilayella

Lavery et al. 1991

Replaced corals Bell 1992

Smith et al. 1981
Sfriso et al. 1992
Meinesz et al. 1993

Replaced corals

Replaced Cymodocea,
Posidonia

Replaced Zostera, Phyllo-
phora

Replaced Fucus

Zaitsev 1992

Baden et al. 1990

Lapointe and O’Connell 1989

Pregnall and Rudy 1985

Walsh 1980

Valiela et al. 1992; Peckol et al.
1994

Auer 1982

Wilce et al. 1982; Pregnall and
Miller 1988

Replaced Zostera

function and structure of affected ecosystems; the range of
ecological effects is discussed in more detail below.

Blooms of macroalgae tend to last much longer than the
more short-lived blooms of dinoflagellates or other microal-
gae. Bloom seaweeds may remain in an environment for
years to decades, as in the Peel Harvey estuary of Western
Australia, where a bloom of Cladophora lasted for a dozen
or so years (Gordon and McComb 1989). In Waquoit Bay,
Massachusetts, blooms of Cladophora and Gracilaria have
been present for >20 yr (Valiela et al. 1992). Macroalgal
blooms therefore last much longer than even the multiyear
(1990-present) brown tides—the longest-lasting microalgal
blooms recorded (Buskey 1997).

The mechanisms that control rates of net production in
macroalgae (e.g. temperature, light, grazing, and nutrients)
are the same as in other producers (Norin and Waern 1973;
Lowthion et al. 1985; Tewari and Joshi 1988). Temperature
limits geographic boundaries or imposes seasonal patterns
on net macroalgal production. Light intensity also directly
creates seasonal patterns in macroalgal growth and thus con-
trols the biomass present. Removal of grazers from shallow-
water environments may also prompt increases in macroalgal
standing crops that could be considered to be blooms.
Hughes (1994), for example, argued that removal of grazers
by overfishing and disease resulted in increased the area cov-
ered by fleshy macroalgae from 4 to 92% of the shallow
coastal habitats previously supporting corals in Jamaica. As
it turns out, lowered abundance of herbivores may not be
the sole reason for the increases in macroalgal cover in this
example. Lapointe (1997) pointed out that there were con-
temporaneous increases in nutrient loading to this system,
so that the proliferation of macroalgae may be yet another
instance of bottom-up control by increased nutrient supply.
It appears that most cases of macroalgal proliferation are the
result of increased nutrient availability. In this paper we
therefore emphasize the role of nutrients and the interaction

between nutrients and other factors in the control of ma-
croalgal blooms.

Limnologists concerned with controls of food webs have
coined the terms ‘“bottom up” and “‘top down” to refer to
situations in which the supply of resources or the actions of
consumers control populations within food webs (Carpenter
et al. 1985; McQueen et al. 1986). These terms economically
subsume concepts that would otherwise require many words
to describe. Below we start with a look at two mechanisms
that seem important in initiation and maintenance of ma-
croalgal blooms; the bottom-up effects of nitrogen loading,
and grazer-related top-down processes. We then examine key
processes that might prompt the termination of macroalgal
blooms. Lastly, we speculate on some ecosystem conse-
quences of macroalgal blooms.

Bottom-up control of macroalgal blooms

Nutrient enrichment seems involved in the initiation of
virtually every macroalgal bloom. The voluminous literature
on the identity of key limiting nutrients, the role of nutrient
enrichment, and mechanisms underlying macroalgal blooms
were reviewed by Sand-Jensen and Borum (1991) and Duar-
te (1995). Here we use these reviews, some newer publica-
tions, and relevant new data collected for the Waquoit Bay
Land Margin Ecosystems Research project (WBLMER) to
summarize key interactions that seem to initiate and maintain
macroalgal blooms. We first discuss factors that influence
the identity of the limiting nutrient. We then examine how
increases in nitrogen loading might change macroalgal phys-
iology and anatomy, macroalgal standing crops, and domi-
nance of different producers. We then discuss some powerful
modifiers of the effects of land-derived nitrogen loading, in
particular the presence of fringing wetlands and the effects
of different water residence times.



Estuarine macroalgal blooms

Identity of the limiting nutrient—The identity of the spe-
cific nutrient that limits macroalgal growth and production
depends on time of year, nature of the sedimentary substrate,
and taxonomic composition of the macroalgal bed.

Nitrogen supply seems to control the peak seasonal rates
of growth or net primary production by macroalgae in most
coastal systems (Twilley et al. 1985; Fujita et al. 1989; Thy-
bo-Christensen et al. 1993; Peckol et al. 1994). Phosphorus
alone (Lapointe 1987; Peckol et al. 1994) or both N and P
(Gordon et al. 1981; Lapointe 1987; Short et al. 1990) may
limit production of macrophytes at certain times of year in
some cases.

The chemistry of sediment substrate can make one or an-
other element more or less available. For example, phosphate
is strongly adsorbed to carbonates; consequently, phosphate
may limit growth rates of macroalgae in tropical carbonate-
rich waters (Lapointe et al. 1992). P limitation tends to be
more common in tropical than in temperate waters, but
knowledge about the mechanisms involved in such possible
regional differences is limited.

The identity of the limiting nutrient may also depend on
the macroalgal taxon; different species of macroalgae can be
limited by nitrogen or by phosphorus in the same estuary.
In the Peel-Harvey estuary, for example, Ulva was nitrogen
limited (Lavery 1989), but Cladophora was phosphorus lim-
ited (Lavery et al. 1991), or both were P and N limited
(Gordon et al. 1981). In the Belize Barrier Reef, growth of
fleshy macroalgae (Dictyota, Acanthophora) was P limited,
but that of the calcareous Halimeda was N limited (Lapointe
et al. 1987). Too little is known about the reasons for such
interspecific differences to generalize freely.

Ecophysiological and anatomical changes in macroal-
gae—Increases in nutrient supply alter the physiology of
macroalgae (Lapointe and Tenore 1981; Lapointe and
O’Connell 1989; Gordon and McComb 1989; Peckol et al.
1994). In general, macroalgae growing in estuaries with in-
creased nutrient supply show elevated nutrient uptake rates,
tissue nutrient contents, initial slopes of the P: I curve (a)
and maximum photosynthetic rates (P,,,), and macroalgal
growth rates. The quantitative specifics of each of these re-
sponses depends on the species of macroalgae, but the pat-
terns hold in general.

Nutrient supply-related differences in nutrient uptake
(Wallentinus 1984) and other physiological variables (Gor-
don et al. 1981; Peckol et al. 1994) seem, in turn, tied to
differences in frond architecture. Differing nutrient supply
regimes may thus change the morphology of macroalgae.
Morphological changes of fronds of a single species exposed
to different nutrient supply may even rival differences in
morphology among species (Littler and Littler 1983; Littler
et al. 1988). For example, mats of Cladophora vagabunda
are most often made up of ball-shaped (aegagropiloid!) fil-
ament bundles in estuaries of Waquoit Bay subject to lower
rates of nitrogen loading (pers. obs.). In estuaries subject to
high loading rates, the blooming macroalgal canopies are
made up of longer filaments, intertwined in shapeless mats.
Perhaps different frond. shape provide different surface-to-
volume ratios, which in turn alter nitrogen uptake. Hein et
al. (1995) showed that the ratio of surface to volume in
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Fig. 1. Left. Values of maximum nitrate uptake rates (V,,,,)(top),

half-saturation coefficients (K, )(middle), and nitrate assimilation ef-
ficiencies (a)(bottom) for many different species of macro- and mi-
croalgae. The line within boxes is the median; the boxes span the
25th to the 75th quartiles; the vertical lines extend to the 95% con-
fidence limits. Right. Relationship of V,, (top), K,, (middle), and
« (bottom) to ratio between surface area (S) and volume (V) of the
organisms. (Redrawn from Hein et al. 1995.)

macroalgae is strongly linked to nitrogen uptake kinetics
(Fig. 1, right panels). Although the relationship was first
studied in phytoplankton (Malone 1980), it is macroalgae
that show the most evident differences in maximum uptake
rates, half-saturation coefficients, and uptake efficiencies rel-
ative to surface-to-volume ratios (Duarte 1995; Hein et al.
1995).

Effect of progressive nitrogen loading on macroalgal bio-
mass—Increased nitrogen supply usually bolsters macroalgal
standing crops. Strong evidence of these second-order effects
of nutrient supply on macroalgal growth is provided by the
reduction in macroalgal cover after sewage was diverted
away from Kanehoe Bay (Smith et al. 1981) and by in-
creased growth that followed manipulative additions of N
and P in several nutrient-enrichment experiments (Twilley et
al. 1985; Lapointe 1987; Short et al. 1990; Peckol et al.
1994; Taylor et al. 1995).

To quantify the relationship between land-derived nitrogen
loadings and effects on macroalgae in the estuaries of Wa-
quoit Bay, we measured the biomass of macroalgae in es-
tuaries subject to different loading rates. We use the Waquoit



1108

Valiela et al.

04 0 0.0 7T Sage Lot Pond
— Childs River
600
IE l -
o0
2 400 ‘ l m \ l
<
= |
: | |
" l i
- J SR
I el Ll
Ty i f
(0 o e e e e e e O e o A

TT ; ; T TTTTTT ; TTT1
J A O D‘ F A J A O F A J A O ] A J] A O 4 F A J AO
1990 1991 1992 1993 1994 1995

Fig. 2. Long-term time-course of macroalgal biomass in two estuaries of Waquoit Bay: Childs
River (subject to high N loading rates), and Sage Lot Pond (subject to low N loading rates). The
thick lines show the three-point running means for the two estuaries. The means for each date are
shown as gaps in the vertical SE bars. Ten depth-stratified samples of benthic algae were used to
calculate each mean. Funding available allowed only one sampling date in 1993. Data from Hersh

(1996) and J. McClelland (unpubl. WBLMER data).

Bay estuaries subject to different nitrogen loading rates at
present (Valiela et al. 1992) as a space-for-time substitution
(Pickett 1991), which permits a view of changes brought
about by increased rates of nitrogen loading across many
years. We can also follow specific estuaries through several
years as macroalgae bloom (data from 1990-1992, left side
of Fig. 2).

Data on macroalgal biomass were collected from 10 sta-
tions in seven estuaries of Waquoit Bay from 1990 to 1995.
In Fig. 2 we show data only for Childs River and Sage Lot
Pond, estuaries that have the highest and lowest nitrogen-
loading rates in the Waquoit Bay system (>20X difference,
Valiela et al. 1997). Macroalgal biomasses in additional es-
tuaries subject to intermediate loading rates fall between
those shown in Fig. 2 (J. McClelland and D. Hersh unpubl.
data).

Macroalgal biomass was consistently greater in Childs
River, the estuary that received the largest nitrogen load,
than in Sage Lot Pond, the estuary subject to the lowest
nitrogen loading rate (Fig. 2). Macroalgal biomass in Childs
River was variable, but increased ~2 fold from 1990 to
1993. Some degree of climatic control is evident from the
multiyear changes in macroalgal biomass in Sage Lot Pond.
The clear 6-fold difference between the two estuaries at any
one time before 1993, however, can be attributed to differ-
ences in nitrogen availability on the basis of differences in
physiological state of the fronds in the two estuaries (Peckol
et al. 1994). Post-1993 data of Fig. 2 are discussed below
in the section on bloom termination. The macroalgae grow-
ing in Childs River had higher rates of photosynthesis, up-
take of dissolved nitrogen, and growth compared to macro-
algae in Sage Lot Pond (Peckol et al. 1994). Childs River

macroalgae grow in the presence of higher concentrations of
nitrogen (Valiela et al. 1992). The differences in physiolog-
ical state of the macroalgae—largely prompted by the con-
tinued availability of higher nitrogen concentrations—result
in the observed differences in standing crops seen in Fig. 2.

Stable isotopic data from Waquoit Bay provide evidence
that nitrogen inputs from land are directly identifiable in
macroalgae in the estuaries. The land-derived inputs come
from wastewater, use of fertilizers, and atmospheric depo-
sition. The bay provides a set of estuaries in which the pro-
portion of wastewater nitrogen input varies from 0 to 60%
of the total nitrogen load entering the specific estuaries.
Wastewater bears a 6'°N signature distinct from those of at-
mospheric sources and fertilizer (Lajtha and Michener 1994).
The &'°N ratios of all producers in the Waquoit estuaries
increase linearly by 3-4%o as the wastewater contribution
increases from 0 to 60% of the total nitrogen load (Mc-
Clelland et al. in press). The increase in 6N ratios is likely
due to the increased proportion of wastewater-derived nitro-
gen in groundwater entering the estuaries. These data indi-
cate a direct link between land and estuary: estuarine pro-
ducers contain the same isotopic mix of N as found in the
nitrogen loaded from the adjoining watershed.

Effects of macroalgal blooms on other estuarine produc-
ers—Bottom-up controls—Ilargely through nitrogen sup-
ply—differentially affect different producers. Duarte (1995),
Taylor et al. (1995), and others have suggested that in waters
where nutrient supply increases, seagrasses are replaced by
macroalgae, which in turn can be replaced by phytoplankton
as the dominant producers. Here we use data from different
estuaries of Waquoit Bay to put together a quantitative de-
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Fig. 3. Proportion of total net production that is carried out by
phytoplankton, macroalgae, and eelgrass in three estuaries (Sage
Lot Pond—S; Quashnet River—Q; Childs River—C) of Waquoit
Bay that are subject to different nitrogen loading rates. The initials
indicate the position of the three estuaries along the nitrogen loading
axis. (Unpubl. WBLMER data.)

piction of how seagrasses might be replaced by macroalgae
and phytoplankton as the dominant producers, under the in-
fluence of progressive nitrogen enrichment (Fig. 3). If we
assume that these three estuaries can be used as a space-for-
time substitution, Fig. 3 provides a quantified way to discuss
how increases in nitrogen loads might alter the composition
of major producer types in shallow temperate estuaries. In-
creases in nitrogen loading rates to the Waquoit estuaries
shift the relative contribution of seagrasses, macroalgae, and
phytoplankton to total estuarine production. The expansion
of macroalgal dominance as nitrogen loading rate increases
from left to right in Fig. 3 is, in essence, a depiction of a
macroalgal bloom.

Seagrasses tend to dominate shallow temperate waters ex-
posed to low nutrient inputs. We see this in Waquoit Bay
estuaries: primary production by a seagrass (Zostera marina)
is largest in magnitude in near-pristine estuaries with low
rates of nitrogen loading (Fig. 3). Seagrasses thus character-
ize shallow waters in which other competitors are scarce
because of low nutrient supply. Seagrasses dominate such
waters by solving the problem of nutrient acquisition by tak-
ing up nutrients largely via their roots (Short and McRoy
1984; Pedersen and Borum 1992). In addition, seagrasses
store substantial amounts of nitrogen in their thick leaves,
stems, and rhizomes for translocation and use at critical
times of year. As a result, net production in temperate-zone
seagrasses is seldom nutrient limited; rather, seagrass growth
is generally light limited (Dennison and Alberte 1985; Zim-
merman et al. 1987). Growth of seagrasses might be nutrient
limited in some oligotrophic or tropical waters (Powell et al.
1989; Short et al. 1990; Lapointe 1987), but in temperate
latitudes light is probably more important as the limiting
factor.

In contrast to seagrasses, growth of macroalgae and phy-
toplankton in shallow temperate estuaries tends to be nutri-
ent limited rather than light limited. Macroalgae and phy-
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toplankton make more effective use of lower levels of
irradiation than seagrasses (Fig. 4 top center). Such differ-
ences in photosynthetic abilities are corroborated by the dif-
ferent depth distributions of these three groups of producers.
For example, seagrasses grow on sediments at depths re-
ceiving 11% of incident light (Duarte 1991). Macroalgae, in
contrast, can grow down at depths where only 0.12% (for
species with thick fronds) and <0.003% (for thin macroal-
gae) of incident light penetrate (Markager and Sand-Jensen
1992). Such results might explain the presence of nearly
monospecific beds of Ulva, a thin-bladed macroalga, in Ven-
ice Lagoon, a highly nitrogen-enriched coastal estuary with
impressive phytoplankton standing crops (Sfriso et al. 1992).

Increased availability of nutrients therefore prompts
growth of benthic macroalgae, of epiphytic macro- and mi-
croalgae on seagrass leaf surfaces, and of phytoplankton in
shallow coastal waters. All these producers intercept pho-
tons, and increased biomass of these producers are detri-
mental to the already light-limited seagrasses. The seagrasses
are unavoidably rooted to the bottom and hence subject to
shading by the unattached benthic algae, epiphytes, and by
phytoplankton (Twilley et al. 1985; Sand-Jensen and Borum
1991; Lapointe et al. 1994; Duarte 1995). Fast-growing mac-
roalgae can take up nutrients at fast rates (Fig. 4, top right),
can store nutrients (Fig. 4, bottom left), and can grow rela-
tively well at low irradiances (Fig. 4, top center). As a result,
even if the water is turbid, canopies of macroalgae are found
on seafloors of nutrient-enriched shallow waters in sites such
as those of Table 1.

Nutrient enrichment enhances already extant differences
in tolerance of low light regimes (Fig. 4, top center) and in
nitrogen uptake rates (Fig. 4, top right) between seagrasses
and macroalgae. Increased nitrogen loads add to the physi-
ological advantages of macroalgae over seagrasses and en-
hance the likelihood that macroalgae growing on the seafloor
and on seagrass leaves will shade and eventually replace
seagrasses as the dominant macroproducer. Progressive eu-
trophication of shallow waters generally increases benthic
macroalgal production, and these -alterations are soon fol-
lowed by reduction of seagrass meadows (Valiela et al. 1992;
Thybo-Christesen et al. 1993; Duarte 1995). Even at modest
increases in nitrogen loadings from watersheds, the macro-
algae bloom and replace seagrasses as the dominant produc-
ers (Fig. 3).

Burkholder et al. (1992) claimed that increased nitrate in
water may even be toxic to seagrasses in North Carolina. If
true in general, this provides yet another mechanism that
further favors dominance of macroalgae at the expense of
seagrasses.

Extensive losses of seagrass habitat have taken place as a
result of eutrophication of many shallow temperate coastal
areas (Nienhuis 1983; Cambridge and McComb 1984; Gies-
sen et al. 1990; Zaitsev 1991; Valiela et al. 1992; Thybo-
Christesen et al. 1993). The conversion from seagrass to ma-
croalgal habitats is often considered a degradation of coastal
environments because seagrass beds support a wide variety
of consumers—some of commercial interest (Valiela et al.
1992)—and are nurseries for juveniles of many deeper water
fish species. The same holds for the coral habitats that are
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within boxes is the median; the boxes span the 25th to the 75th quartiles; the horizontal lines extend
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from Duarte 1995.)

taken over by nuisance seaweeds in tropical regions (Bell
1992).

To summarize, even relatively small increases in nitrogen
loading to shallow estuaries favor blooms of macroalgae.
Increased biomass of benthic and epiphytic macroalgae
shades seagrasses and prompts significant changes in the rel-
ative production by the different groups of producers, mainly
by replacement of seagrass beds with macroalgal mats (Fig.
3). The alteration of relative contribution by different types
of primary producers in shallow estuaries, however, is un-
likely to be a simple function of nitrogen loading rate alone.
Below we discuss two complicating factors—presence of
fringing salt marsh and differences in water residence time—
that may significantly modify the response of macrophytes
to nitrogen loading from watersheds.

Interaction among loading rate, macroalgal blooms, and
salt-marsh fringe habitats—In many coastal areas there is a
fringe of wetlands interposed between land and the open
estuary. In temperate latitudes, these fringes are salt marshes,
largely covered by halophytic grasses. Below we review re-
sults from Waquoit Bay that suggest that fringing salt marsh-
es intercept a significant fraction of land-derived nitrogen,

thereby to some extent lowering the nitrogen loads to re-
ceiving estuarine waters.

If the relationship between macroalgal biomass and nitro-
gen load from watersheds was straightforward, we might
simply find a positive relationship between these two vari-
ables, in which macroalgal biomass was larger in estuaries
subject to larger nitrogen loads. Data from five different es-
tuaries of the bay subject to different rates of nitrogen load-
ing do show that macroalgal biomass increases as nitrogen
load to the estuary increases (Fig. 5, top left). We might also
expect that, in view of the postulated effect of macroalgae
on eelgrass, there is a negative relation of loading and eel-
grass biomass, and we in fact do find that eelgrass biomass
decreases as loading rate increases (Fig. 5, top right). The
points around the regression line, however, are considerably
scattered. To see whether we could account for some of the
scatter, we turned to an examination of the area of fringing
salt marsh in each estuary.

Different estuaries of Waquoit Bay have different areas of
fringing salt marsh interposed between land (the source of
allochthonous nitrogen) and the aquatic system where mac-
rophytes grow. As the area of salt marsh increases, the bio-
mass of eelgrass increases, and macroalgal abundance de-
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Fig. 5. Top. Relationship of macroalgal and eelgrass biomass to
rate of nitrogen loading received by different estuaries of Waquoit
Bay. Bottom. Relationship of macroalgal and eelgrass biomass to
area of fringing salt marsh interposed between land and water in
estuaries of the bay. Regression lines calculated from the means,
rather than using the individual measurements, to avoid the issue
of pseudoreplication. (Adapted from Lyons et al. 1995 and unpubl.
WBLMER data.)

creases (Fig. 5, bottom panels). Moreover, the scatter of the
points in the graph of eelgrass and macroalgal vs. salt-marsh
area is notably less than the scatter in the graph in which
nitrogen load was plotted on the x-axis (cf. values of r, Fig.
5, top panels). This result suggests that perhaps the effects
of nitrogen loads from land (which ultimately have to drive
the changes in macroalgae and eelgrass) are mediated by
some area-dependent process in salt marshes.

We hypothesize that as groundwater percolates through
the aquifer, seeps into springs, and flows over the salt-marsh
surface or through tidal creeks, concentrations of land-de-
rived nitrogen are decreased by some process. That process
may be denitrification, which is active in salt marshes (Val-
iela and Teal 1979). Denitrification in salt marshes could
reduce the amount of land-derived nitrate (the principal ni-
trogen species transported in groundwater: Valiela et al.
1997) that enters receiving estuarine waters. Alternatively,
there could be increased storage of land-derived nitrogen
within salt-marsh sediments, as occurs in experimentally fer-
tilized salt-marsh plots (Valiela et al. 1973).

It is apparent that the coupling of land to sea via nitrogen
transport, and its consequent role in creation and mainte-
nance of macroalgal blooms, is not straightforward. Rather,
for any given rate of watershed-derived nitrogen loading,
intervening units of coastal landscape such as salt marshes
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modify the influence of nitrogen loadings generated by the
land-cover mosaic on aquatic macrophytes. The data from
Wagquoit estuaries suggest that more eelgrass biomass and
habitat area remain and less macroalgae are present in es-
tuaries with larger areas of fringing salt marsh (Valiela et al.
unpubl. data). Thus, the spatial mosaic of adjoining habitats
matters: intensity of macroalgal blooms depends not only on
the rate at which nutrients are delivered from land, but also
on the extent of fringing salt-marsh habitat interposed be-
tween watershed and receiving estuary.

Interaction of water residence time and responses to N
loading—Differences in residence time of water within es-
tuaries might also modify the responses of different produc-
ers—including macroalgae—in estuaries. Duarte’s (1995)
comparison of nitrogen uptake in a variety of different spe-
cies of macro- and microalgae (Fig. 4, top right) shows that
uptake by phytoplankton is faster than uptake by macroal-
gae. Hein et al. (1995) summarized differences in uptake
kinetics of nitrate and ammonium in macro- and microalgae
in more detail. Macroalgae generally have lower V., higher
K, and lower « than microalgae (Fig. 1, left) and are there-
fore poorer at harvesting nitrogen from water than microal-
gae, regardless of the concentration of nitrogen in the water.
Given this result, it seems therefore odd that the proportion
of primary production in Waquoit Bay estuaries that is car-
ried out by phytoplankton remains relatively low and is rel-
atively constant through most of the nitrogen loading range
(Fig. 3). We have shown in batch enrichment experiments
that net growth of phytoplankton in Waquoit estuaries is ni-
trogen limited (Tomasky et al. in prep.), so we expected that
as nitrogen load increased, phytoplankton would have an
advantage at making use of any added nitrogen and would
increasingly proliferate. Nonetheless, the data of Fig. 3 sug-
gest that it is only at higher rates of nitrogen loading that
phytoplankton begin to replace macroalgae as the dominant
producer.

One explanation for the unexpected slow response by phy-
toplankton in Waquoit estuaries to increased nitrogen loads
may be that the cells lack sufficient time to grow within the
estuaries. Water resides in the Waquoit estuaries for rela-
tively brief periods of time (27—-64 h, T. Isaji unpubl. data).
The range of water residence times in coastal water bodies
is a few days to months (Nixon et al. 1996). Phytoplankton
divide ~0.5-3 times d~' (Fig. 4, bottom center), and the
division rate in part depends on the supply of limiting nu-
trients. Thus, at low nitrogen loads, the intervals of time that
we calculate as residence times for water in Waquoit estu-
aries may be so short that there is not enough time to allow
the cell divisions needed to produce a well-developed phy-
toplankton population response to in situ nitrogen concen-
trations. Perhaps we can conceive of these estuaries as che-
mostats in which flow rates are set so fast that cell growth
just barely compensates for fast flow rates.

Increased nitrogen loads, not surprisingly, lead to higher
nitrogen content of the water (Valiela et al. 1992). Phyto-
plankton division rates depend on the concentration of lim-
iting substrate, so we might expect that in estuaries subject
to high nutrient loads, nutrient supply may be high enough
to create faster cell division. It might be that in highly loaded
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estuaries, phytoplankton could divide more than once a day,
and these division rates could create higher cell densities.
From this argument, and the data of Fig. 3, we hypothesize
that the higher cell density of the more rapidly dividing phy-
toplankton could thus shade and perhaps eliminate macro-
algae from estuaries receiving relatively high nitrogen loads
from land.

We conjecture that as nitrogen loads increase, nutrient
concentrations rise, nitrogen uptake by phytoplankton in-
creases, and cells divide faster. If the division rates do in-
crease sufficiently, it might be that even within the brief time
available within estuaries with relatively short water resi-
dence times, densities of phytoplankton might become high-
er. This effect might be a result of increases in V,,, as well
as of higher K. Under this scenario, phytoplankton may
therefore bloom where nitrogen loads have become high
enough so that nutrient concentrations become relatively
high. Peaks in phytoplankton abundance could be due to
chronic increases across years or within-year seasonal peaks
(see Fig. 8). In such nitrogen-enriched situations, phyto-
plankton biomass may increase sufficiently to shade and
eventually replace bottom-dwelling macroalgae. Macroalgae
might be unable to survive the lowered light intensities, and
phytoplankton then become the dominant producers. The
blooms of phytoplankton thus could produce the seasonal
troughs in macroalgal biomass, as well as the multiyear re-
duction visible in Waquoit Bay between 1992 and 1994 (Fig.
2) or the biomass collapses seen in 1987 or 1991 in Venice
Lagoon (Sfriso et al. 1992).

Of course, not all shallow temperate estuaries have the
same water residence times, and not all shallow estuaries
have residence times as brief as those of Waquoit estuaries
(Nixon et al. 1996). We should expand our model of the
relationship of nitrogen load to dominance of different es-
tuarine producers to include the modifying effect of water
residence time (Fig. 6). Longer residence times may recon-
figure the transition depicted in Fig. 3 and Fig. 6 (top), to
the hypothetical situation of Fig. 6 (bottom). In shallow es-
tuaries where residence times may be weeks or even months,
such as in Laguna Madre, Texas, or Sarasota Bay, Florida,
for instance, we might predict that phytoplankton—because
of their advantage in nitrogen uptake kinetics and sufficient
time to grow—could readily respond to even small increases
in nitrogen loading rates. In such slower-moving waters, we
predict that phytoplankton may become the dominant pro-
ducers at much lower rates of N loading. Interception of light
by the increased phytoplankton might shade and exclude
macroalgae much earlier in the process of eutrophication, at
much lower nitrogen loading rates (Fig. 6, bottom), than is
the case in Waquoit Bay and other sites with shorter resi-
dence times. We might also predict—because of the nitrogen
kinetics of seagrasses shown in Fig. 4 (top right)—that shad-
ing would lead to decline in seagrass contributions at even
lower nitrogen loading rates than would be the case in es-
tuaries with shorter water residence times (Fig. 6).

The modifying effect of presence of fringing salt marsh
might have simpler consequences than those of water resi-
dence time. It might be feasible to merely consider that the
presence of a given area of salt marsh lowers the land-de-
rived nitrogen load by a certain factor, so that the effect of
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Fig. 6. Conceptual scheme showing hypothetical pattern of
change in the relative contribution by three major groups of pro-
ducers (phytoplankton—P; macroalgae—M; eelgrass—S) in re-
sponse to changes in nitrogen loading rate in shallow temperate
estuaries with shorter and longer water residence times.

fringe marsh might be considered merely an adjustment to-
ward the left along the x-axis of the conceptual loading-
residence time models diagrammed in Fig. 6.

Top-down controls of macroalgal blooms

In addition to the bottom-up controls on macroalgal bio-
mass mentioned so far, reduced top-down effects could be
involved in macroalgal blooms. Differential susceptibility of
seagrasses, macroalgae, and phytoplankton to consumption
(Fig. 4, bottom right) would suggest that grazer activity,
where important, could favor dominance of relatively un-
palatable macrophytes (Hay and Fenical 1988). Presumably,
from Fig. 4 (bottom right) we can expect that, all else being
equal, differential grazing pressure could prevent macroalgal
takeovers and sustain a seagrass-dominated producer assem-
blage. The differential effects of grazing have been docu-
mented, for example, in rocky tidal habitats and account for
the dominance of a tough, unpalatable macroalga, irish moss
(Chondrus crispus), in rocky shore habitats exposed to graz-
ers (Lubchenco 1978).

The palatability of different kinds of macroalgae to her-
bivores is a function of toughness, feeding deterrents, and
cues of nutritional value. Phytoplankton and most fast-grow-
ing green macroalgae lack the chemical protection often
found in vascular plants and certain slower growing red and
brown macroalgae (Hay and Fenical 1988). Phytoplankton
may be nutritionally more desirable to grazers than macro-
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algae, and certainly than seagrasses; hence grazing rates by
herbivores may vary accordingly (Fig. 4, bottom right). If
we take C: N as a rough index of nutritive quality and accept
that nitrogen is often limiting for herbivores (Mattson 1980),
the ranking of the three producer groups as potential foods
for grazers is phytoplankton > macroalgae > seagrasses
(Fig. 4, bottom left). Seagrasses, being poor foods, seem
unlikely to be exposed to strong grazing pressure. Zimmer-
man et al. (1987) concluded that grazers much prefer mac-
roalgae growing as epiphytes (including many fast-growing
greens) on eelgrass than the eelgrass itself.

Differences in herbivory by preferential consumption of
the major producer groups may change the array of produc-
ers present in an estuary. As grazers selectively feed on pre-
ferred macroalgae, they limit abundance of the palatable
groups of producers. Grazers of phytoplankton and macro-
algae therefore may be instrumental in maintaining domi-
nance of seagrasses in waters subject only to low rates of
nutrient loading; in such situations, grazing pressure and
competitive advantages among producers determine what
producers dominate the canopies. The situation may differ
where nutrient loading increases because food quality, grazer
abundance, and competitive advantages are bound to change
under increased nutrient inputs.

To evaluate the relative magnitude of, and possible inter-
action between control by benthic grazers and by nitrogen
loading rates, we made model calculations of potential con-
trol of macroalgal biomass by amphipod and isopod herbi-
vores in estuaries of Waquoit Bay subject to different rates
of land-derived nitrogen inputs (Hauxwell et al. in press).
For the sake of brevity, here we only report results from the
estuaries with the highest and lowest nitrogen loading rates.
The model calculations are based on measurements that
show that increased nitrogen loading rates have the follow-
ing effects: increased macroalgal growth rates (Peckol et al.
1994) and biomass (Hersh 1996, and Fig. 7, top); increased
feeding rates by herbivores fed on macroalgae from nitro-
gen-loaded estuaries; and decreased abundance of herbivo-
rous amphipods and isopods (Fig. 7, middle). To assess the
potential for top-down control of macroalgal biomass, we
calculated the percent of macroalgal growth that could be
consumed per day by the population of herbivores present
in each of the estuaries (Fig. 7, bottom). This statistic would
show whether the rate of consumption of macroalgae by her-
bivores would or would not be larger than the in situ growth
rate by the algae. We can judge whether grazers are likely
to be effective controls in Fig. 7 (bottom) by seeing whether
points lie above or below the dashed line that shows the
position where growth by macroalgae is equal to consump-
tion by herbivores. Points that lie above the dashed line show
when grazers can restrict biomass of the macroalgae; points
that lie below the dashed line show instances in which ma-
croalgal growth is larger than grazer consumption. Potential
control of macroalgae by grazers is likely only in the estuary
subject to low rates of N loading, and only during summer
(Fig. 7, bottom).

The relative effectiveness of grazers as controls has been
thought to depend largely on chemical cues that determine
herbivore-macroalgal relationships. WBLMER results point
out the potential importance of other top-down and bot-
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Fig. 7. Top. Biomass of the macroalga Cladophora vagabunda
in estuaries of Waquoit Bay subject to high (Childs River) and low
(Sage Lot Pond) rates of nitrogen loading (C. vagabunda comprises
40-80% of total macroalgal biomass in these estuaries). Middle.
Abundance of herbivorous invertebrates, including six spp. of am-
phipods, and three spp. of isopods. Bottom. Potential grazer impact,
estimated by calculating total consumption of C. vagabunda by ex-
tant grazers relative to total C. vagabunda growth in the same two
estuaries. Dashed line shows where consumption by the herbivores
equals macroalgal growth. Data in top and middle panels are means
=+ standard errors of 10 depth-stratified benthic samples taken from
each estuary on each date. Data in bottom panel are means = prop-
agated standard errors. (Summarized from Hauxwell et al. in press).
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tom-up control mechanisms in producers living in oligotro-
phic to eutrophic gradients: density of herbivores and bio-
mass and growth rates of macroalgae. Waquoit estuaries sub-
ject to higher nitrogen loads harbor lower (avg % X) densities
of herbivores (Fig. 7, middle). These lower densities are par-
tially responsible for the lower calculated impact of the her-
bivores on macroalgal biomass. The lowered density of graz-
ers might be caused by more frequent hypoxic conditions
created by higher rates of nitrogen loading (D’Avanzo and
Kremer 1994). Macroalgae in Waquoit estuaries subject to
higher loads also support faster rates of growth (avg 2X) of
higher standing stocks (avg 3X) of macroalgae (Peckol et
al. 1994). The enhanced growth effect was even larger than
the lower grazer density effect, and at higher rates of nitro-
gen loading, fast-growing seaweeds may overcome controls
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Fig. 8. Multiyear time-course of gross phytoplankton production, average of seven stations in
Waquoit Bay, obtained by oxygen microelectrodes. The seasonal and multiyear trends are reasonably
regular and suggest a slow increase over several years. There is one extraordinarily high outlier in
August 1991 caused by passage of Hurricane Bob; the events and mechanisms underlying that
disturbance are discussed elsewhere (Valiela et al. 1996).

by grazers. In such situations, shallow estuaries may contin-
ue to be dominated by macroalgal blooms, which replace
seagrasses or other producers.

The potential predicted effect of grazers on macroalgal
blooms have strong temporal patterns. Cold temperatures re-
strict abundance of herbivores during winter and spring (Fig.
7, middle), so that macroalgal standing crops increase during
the cold seasons (Fig. 2). Predicted effects of grazers are
greatest in summer (Fig. 7, bottom), the time when herbi-
vores are most abundant and active (Fig. 7, middle). During
late summer, it may be that predation by fish lowers density
of the herbivorous amphipods and isopods, which are a ma-
jor prey of fish (Wiltse et al. 1984). The fish may therefore
indirectly release macroalgae from consumption pressure
late in summer. We therefore speculate that seasonal effects
of grazers might be a result of fairly complicated and still
undefined relationships among temperature, macroalgae-an-
imal, and animal-animal interactions.

Termination of macroalgal blooms

Many documented blooms of macroalgae have ended or
suffered unexplained collapses after increases in nutrient
loads through a period of years. These collapses include Cla-
dophora in Moriches Bay, New York (E. Cosper pers.
comm.), and in the Peel-Harvey estuary, Australia (Lavery
et al. 1991), Ulva in certain areas of Venice Lagoon (Sfriso
et al. 1992; A. Zittelli and M. Cardinaletti pers. comm), and-

Cladophora and Enteromorpha in bays in the Baltic (Baden
et al. 1990), among others.

The mechanisms involved in termination or collapses of
macroalgal blooms are not well understood. There may be
several mechanisms—grazing, nitrate toxicity, physiological
responses, all previously mentioned—that might be respon-
sible for ending macroalgal blooms. The simplest explana-
tion might be what we articulated in relation to the concep-
tual loading/residence time model—increasing nutrient
supply stimulates phytoplankton growth and this in turn in-
creases light interception in the water column and shading
of macrophytes below.

We see interannual evidence consistent with such an ex-
planation in Waquoit Bay data. The interpretation is specu-
lative and by no means excludes other explanations; we offer
it here mainly as a way to prompt further testing of the
supposed relationships.

First, there were increases in phytoplankton abundance
and activity measured during multiyear studies in different
parts of the bay (Fig. 8). The multiyear increase is evident
in the increasing peaks (late summer) and troughs (late win-
ter) in gross phytoplankton production. Second, macroalgae
became less abundant in the most nitrogen-enriched estuary
after 1992, and the reductions continued through 1995 (Fig.
2). The losses of macroalgal biomass might have resulted
from increased phytoplankton biomass and reduced light
supply to the macroalgae below. Third, after 1992 we begin
to see, for the first time, clear seasonal patterns in the much
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lowered macroalgal biomass. Before 1992, at the peak of the
macroalgal bloom, processes that impose seasonality may
have been simply overwhelmed by fast macroalgal growth.
Circumstantial evidence of the possible interaction of phy-
toplankton and macroalgal crops is that the troughs of the
macroalgal biomass coincide nicely with the annual peaks
in phytoplankton (cf. July—August data, 1994-1995 in Figs.
2 and 8). After 1993, winter macroalgal biomass remained
low, in striking contrast with standing crops at other times
of year.

Ecosystem consequences of macroalgal blooms

In estuaries subject to increased nutrient enrichment the
dominance of nuisance seaweeds engenders a series of other
ecosystem-level changes. The changes result because of the
differences between bloom macroalgae and the producers
that they replace and because bloom macroalgae affect other
components of ecosystems once macroalgal canopies are es-
tablished.

Macroalgal blooms uncouple biogeochemical cycles in
sediments from those in water columns to a significant de-
gree. Under higher rates of nutrient loading, macroalgae that
take nutrients up from water replace plants that “mine’” nu-
trients from sediments using roots. Macroalgal canopies over
the sediment-water interface, moreover, partially intercept
“old” nutrients released by regeneration from sediments.
This interception of ammonium regenerated from sediments
is quantitatively important during the day and lower at night;
this suggests that nutrient uptake might be coupled to pho-
tosynthetic activity in these seaweeds (Bierzychudek et al.
1993; D’Avanzo et al. 1996). In any case, the presence of
macroalgal canopies seems likely to sequester nutrients that
otherwise might have entered the water column and may
enhance recycling of nutrients near the sediment surface.

The amounts of carbon and nutrients stored as seaweed
biomass are certainly important at the level of an ecosystem.
The magnitude of macroalgal biomass can be impressive: in
Venice Lagoon the biomass of Ulva may exceed 10 kg wet
wt m~2 (Maroli et al. 1993). It has even been argued that
the carbon stores in seaweeds may be large enough to ac-
count for a reasonable fraction of the carbon “missing” at
the global level (Smith 1981); this may be stretching the
point but suggests that macroalgal blooms in coastal areas
can be large enough to create significant biogeochemical
changes. In Waquoit Bay, for example, the stored nitrogen
is of the same magnitude as the annual nitrogen load deliv-
ered from the watershed (Hersh 1996). The partial intercep-
tion of regenerated nutrients in macroalgal canopies is large
enough to maintain lowered nutrient concentrations in the
overlying water (Hersh 1996). Seaweeds store large amounts
of nutrients (and carbon) in their fronds. Because of this
storage, and because of the interception of old nutrients, wa-
ter quality in seaweed-dominated shallow waters seems con-
siderably better than would be the case in a phytoplankton-
dominated water body subject to the same rate of nitrogen
loading.

Uptake of nutrients by macroalgae varies through the year,
and the changes might set the seasonal patterns of activity
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of the other producers. Macroalgae, for as yet unknown rea-
sons, have considerably lowered activity in late summer
(Peckol et al. 1994). During late summer, therefore, we sur-
mise that greater amounts of old nutrients from sediments
manage to cross the overlying macroalgal canopy and mix
upward in the water column. We suspect that this is the
mechanism that might be responsible for the prominent late-
summer seasonal peak in phytoplankton seen in Waquoit
Bay (Tomasky et al. in prep.) and in many other shallow
bays and estuaries (Sfriso et al. 1992). The late-summer peak
in phytoplankton is in strong contrast with the more common
late-winter or early-spring bloom characteristic of deeper
coastal waters (Valiela 1995). This is one more example of
nutrient-mediated interaction between macroalgal blooms
and other components of estuarine ecosystems.

Faunas of consumers associated with macroalgal-domi-
nated systems differ widely from those of more pristine sys-
tems. As already mentioned, bloom macroalge are, in broad
terms, nutritionally better than seagrasses and vascular plants
in general, and their defensive chemical armories might, as
a whole, be somewhat less developed than those of vascular
plants. We speculate that carbon fixed by macroalgae might
therefore move through trophic webs faster than carbon fixed
by seagrasses or vascular plants (Alber and Valiela
1994a,b,c, 1995), with corresponding faster nutrient regen-
eration.

Seaweeds release surprisingly large amounts of dissolved
organic matter (Khailov and Burlakava 1969). Apparently,
these producers frequently fix carbon in excess of metabolic
needs for growth and exude the unused DOC. Exudation
from live seagrasses may reach 2% of carbon fixation (Ve-
limirov 1986), while macroalgal fronds may release 39% of
gross production; after senescence most of the remaining
fixed carbon is released (Buchsbaum et al. 1991; Alber and
Valiela 1994a). The change from seagrass- to macroalgal-
dominated canopies in response to increased nutrient loads
thus is likely to augment the delivery of labile carbon com-
pounds to estuarine waters. The released DOC may be used
by microbes, and substantial quantities may enter the micro-
bial food web (Alber and Valiela 1994a). Microbes cause
aggregation of the DOC into amorphous particles that resem-
ble marine snow in appearance, and the aggregates may be
ingested and assimilated by larger animals (Alber and Val-
iela 1994b, 1995). The released DOC may be sufficient to
increase biological oxygen demand and is perhaps involved
in the increased frequency of anoxic events often found in
enriched waters (D’ Avanzo and Kremer 1994). These anoxic
events may be responsible (together with the changes in pro-
ducer species) for the marked changes in faunas that often
accompany macroalgal blooms in eutrophic estuaries (Nork-
ko and Bonsdorff 1996) and that, as we have argued above,
alter the ability of consumers to carry out top-down controls
of macroalgae. The shift from seagrass to macroalgal sys-
tems is therefore accompanied by a series of indirect effects
that are likely to propagate throughout entire trophic webs.

Vertical profiles of oxygen in shallow waters dominated
by seaweeds are largely determined by photosynthetic and
respiratory activity by the macroalgal canopy (D’Avanzo
and Kremer 1994). The activity of the canopy causes the
bottom waters to be oxic during sunny days and hypoxic at
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night. This has several critical consequences. One result is
that the intercanopy water is subject to daily wide excursions
of redox potential; these changes could provide ideal circum-
stances many types of microbes. Activity of denitrifiers, for
example, is enhanced by macroalgal canopies containing in-
terdigitated small parcels of oxic and anoxic water, and the
mix of conditions changes from day to night. The mix of
conditions provides a way for nitrate to be made available
to bacteria within anoxic waters. In addition, the macroalgae
release DOM, which powers denitrification of the nitrate.
Coupled denitrification could be favored in such circum-
stances. It is likely that the activity of the macroalgal canopy
in daily alternation of oxic and hypoxic conditions of the
near-bottom water also causes important changes to the car-
bon, sulfur, and phosphorus cycles. The activity of the ma-
croalgal biomass, the large storage on materials in algal
biomass, and the position of the canopy directly over sedi-
ments therefore must have major consequences for the bio-
geochemistry of enriched estuarine ecosystems.

Conclusions

Macroalgal blooms are generated by nutrient loading to
shallow waters where the bottom is within the photic zone.
The effects of nutrients loads on producer mosaics that in-
clude macroalgae are modified by presence of fringing wet-
lands or by water residence times. Grazers may also modify
the loading-producer interaction, in particular at lower rates
of nutrient loading.

Macroalgal blooms have fundamental and pervasive ef-
fects seen in the physiology of the macroalgae themselves,
changes in the relative contribution by different producers
to production of coastal habitats, alterations to microbial and
macrofaunal food webs, and alteration of redox conditions
that in turn alter biogeochemical transformauons of N, C, S,
and P of nitrogen-enriched coastal ecosystems. Eutrophica-
tion of shallow coastal environments is occurring in most
shorelines of the world. The intense local effects of the ma-
croalgal blooms—one symptom of eutrophication—that we
have described above are therefore taking place in innumer-
able sites across the globe. In a real sense, it can be argued
that the current proliferation of macroalgal blooms upscales
by addition into a major biotic change at a global scale.

Although the paragraphs above have focused on basic is-
sues, it should be clear that presence of blooms of nuisance
seaweeds is increasingly more common. We will need much
knowledge about the controls of macroalgal-related process
to inform the ever-increasing need to make management de-
cisions. New knowledge will be needed for either of two
general approaches to solve the problem of macroalgal
blooms: to intercept nutrient sources on land before nitrogen
enters receiving estuaries, or to hasten loss of nitrogen by
harvest of macroalgal biomass or by increased flushing of
water through the estuary.

Interception of nutrient sources may be the most effective
because it simply reduces entry from known sources into the
watersheds and estuaries. To propose reasonable preemptory
interception as a solution to macroalgal bloom problems,
however, we will need much environmental information as
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to nutrient sources on land, relative losses during transport
and recycling in the estuary, relative storage in seaweed bio-
mass, and some notion of the likelihood and time lags need-
ed before macroalgae decline and seagrass recovers.

Removal from estuaries by increased flushing or harvest
of biomass seems more problematic. If we propose to dredge
to hasten water renewal rates, we need to know much more
about nutrient uptake rates and about the relative importance
of internal regeneration within the estuary, as well as hy-
drography and geological conditions. Some of the required
knowledge is available, much is not. To propose collecting-
macroalgal biomass as a means to remove nutrients, we will
need to find effective, affordable techniques, estimate effec-
tive harvest rates, and devise a suitable harvest regime, and
we will need to explore the inevitable consequent effects on
water quality.

In addition to the significant need for environmental in-
formation, there are likely to be many social and economic
constraints that will affect decisions. We are poised at a cusp
in this field: we have a solid foundation of observation, ex-
periment, and theory, and some synthesis has been achieved.
The growing occurrence of macroalgal blooms has forced
renewed attention on finding practical solutions. Progress in
basic knowledge has raised many good questions that will
simultaneously test the synthesis and advance the field, but
we will need to provide much more information to under-
stand the basics, as well as to address coastal zone manage-
ment issues.

References

ALBER, M., AND 1. VALIELA. 19944. Production of microbial or-
ganic aggregates from macrophyte-derived dissolved organic
material. Limnol. Oceanogr. 39: 37-50.

, AND . 1994b. Biochemical composition of organic
aggregates produced from marine macrophyte-derived dis-
solved organic matter. Limnol. Oceanogr. 39: 717-723.

, AND . 1994¢. Incorporation of organic aggregates
by marine mussels. Mar. Biol. 121: 259-266.

, AND . 1995. Organic aggregates in detrital food
webs: Incorporation by bay scallops Argopecten irradians.
Mar. Ecol. Prog. Ser. 121: 117-124.

AUER, M. T. [ED.]. 1982. Ecology of filamentous algae. J. Great
Lakes Res. 8: 1-237.

BADEN, S. P, L.-O. Loo, L. PIHL, AND R. ROSENBERG. 1990. Ef-
fects of eutrophication on benthic communities including fish:
Swedish west coast. Ambio 19: 113-122.

BELL, P R. E 1992. Eutrophication and coral reefs—some exam-
ples in the Great Barrier Reef Lagoon. Water Res. 26: 553—
568.

BIERZYCHUDEK, A., C. D. D’AvANzoO, AND 1. VALIELA. 1993. Ef-
fects of macroalgae, night and day, on ammonium profiles in
Waquoit Bay. Biol. Bull. 185: 330-331.

BucHsBAUM, R., AND OTHERS. 1991. Available and refractory ni-
trogen in detritus of coastal vascular plants and macroalgae.
Mar. Ecol. Prog. Ser. 72: 131-143.

BURKHOLDER, J. M., K. M. MasoN, AND H. B. GLAsGOw, Jr. 1992,
Water-column nitrate enrichment promotes decline of eelgrass
Zostera marina, shoalgrass Halodule wrightii, and widgeon-
grass Ruppia maritima. Mar. Ecol. Prog. Ser. 105: 121-138.

BUsSkEY, E. J., P. A. MONTAGNA, A. E AMos, AND T. E. WHITLEDGE.
1997. Disruption of grazer populations as a contributing factor




Estuarine macroalgal blooms

to the initiation of the Texas brown tide algal bloom. Limnol.
Oceanogr. 42: 1215-1222.

CAMBRIDGE, M. L., AND A. J. McCoMmB. 1984. The loss of sea-
grasses in Cockburn Sound, Western Australia. 1. The time
course and magnitude of seagrass decline in relation to indus-
trial development. Aquat. Bot. 20: 229-243.

CARPENTER, S. R., J. E KITCHELL, AND J. R. HODGSON. 1985. Cas-
cading trophic interactions and lake productivity. BioScience
35: 634-639.

D’Avanzo, C., aAND J. N. KREMER. 1994. Diel oxygen dynamics
and anoxic events in an eutrophic estuary of Waquoit Bay,
Massachusetts. Estuaries 17: 131-139.

, ———, AND S. C. WAINRIGHT. 1996. Ecosystem produc-
tion and respiration in response to eutrophication in shallow
temperate estuaries. Mar. Ecol. Prog. Ser. 141: 263-274.

DENNISON, W. C., AND R. S. ALBERTE. 1985. Role of daily light
period in the depth distribution of Zostera marina (eelgrass).
Mar. Ecol. Prog. Ser. 25: 51-61.

DUARTE, C. 1991. Seagrass depth limits. Aquat. Bot. 40: 363-377.

. 1995. Submerged aquatic vegetation in relation to differ-
ent nutrient regimes. Ophelia 41: 87-112.

Fuita, R. M., P. A. WHEELER, AND R. L. EDWARDs. 1989. As-
sessment of macroalgal limitation in a seasonal upwelling re-
gion. Mar. Ecol. Prog. Ser. 53: 292-303.

GIESSEN, W. B. J. T.,, M. M. vaN KATWIIK, AND C. DEN HARTOG.
1990. Eelgrass condition and turbidity in the Dutch Wadden
Sea. Aquat. Bot. 37: 71-85.

GORDON, D. M., P. B. BIRCH, AND A. J. McComB. 1981. Effects
of inorganic phosphorus and nitrogen on the growth of an es-
tuarine Cladophora in culture. Bot. Mar. 24: 93-106.

, AND A. J. McComB. 1989. Growth and production of the
green alga Cladophora montagneana in an eutrophic Austra-
lian estuary and its interpretation using a computer program.
Water Res. 23: 633-645.

HAUXWELL, J., J. MCCLELLAND, P. J. BEHR, AND 1. VALIELA. In
press. Relative importance of grazing and nutrient controls of
macroalgal biomass in three temperate shallow estuaries. Es-
tuaries.

Hay, M. E., AND W. FENICAL. 1988. Marine plant-herbivore inter-
actions: The ecology of chemical defense. Annu. Rev. Ecol.
Syst. 19: 111-145.

HEIN, M., M. E PEDERSEN, AND K. SAND-JENSEN. 1995. Size-de-
pendent nitrogen uptake in micro- and macroalgae. Mar. Ecol.
Prog. Ser. 118: 247-253.

HEeRrsH, D. A. 1996. Abundance and distribution of intertidal and
subtidal macrophytes in Cape Cod: The role of nutrient supply
and other controls. Ph.D. thesis, Boston Univ. 143 p.

HucHEs, T. P. 1994. Catastrophes, phase shifts, and large-scale deg-
radation of a Caribbean coral reef. Science 265: 1547-1551.

KHaiLov, K. M., AND Z. P. BURLAKAVA. 1969. Release of dis-
solved organic matter from seaweeds and distribution of their
total organic production to inshore communities. Limnol.
Oceanogr. 14: 521-527.

LaiTHA, K., AND R. H. MICHENER [EDs.]. 1994. Stables isotopes
in ecology. Blackwell.

LAPOINTE, B. E. 1987. Phosphorus- and nitrogen- limited photo-
synthesis and growth of Gracilaria tikvahiae (Rhodophyceae)
in the Florida Keys: An experimental field study. Mar. Biol.
93: 561-568.

. 1997. Nutrient thresholds for bottom-up control of ma-

croalgal blooms on coral reefs in Jamaica and southeast Flor-

ida. Limnol. Oceanogr. 42: 1119-1131.

, M. M. LITTLER, AND D. S. LITTLER. 1987. A comparison

of nutrient-limited productivity in macroalgae from a Carib-

bean barrier reef and from a mangrove ecosystem. Aquat. Bot.

28: 243-255.

1117

3 , AND . 1992, Nutrient availability to marine
macroalgae in siliciclastic versus carbonate-rich coastal waters.
Estuaries 15: 75-82.

, AND J. O’CoNNELL. 1989. Nutrient-enhanced growth of

Cladophora prolifera in Harrington Sound, Bermuda: Eutro-

phication of a confined, phosphorus-limited marine ecosystem.

Estuarine Coastal Shelf Sci. 28: 347-360.

, AND K. R. TENORE. 1981. Experimental outdoor studies

with Ulva fasciata Dedile. 1. Interaction of light and nitrogen

on nutrient uptake, growth, and biochemical composition. J.

Exp. Mar. Biol. Ecol. 53: 135-152.

, D. A. ToMAskO, AND W. R. MATzIE. 1994. Eutrophication
and trophic state classification of seagrass communities in the
Florida Keys. Bull. Mar. Sci. 54: 696-717.

LAVERY, P. S. 1989. Factors controlling the abundance and domi-
nance of macroalgal species in eutrophic estuaries. Ph.D. the-
sis, Univ. Western Australia.

, R. J. LUKATELICH, AND A. J. McCoMmB. 1991. Changes in
the biomass and species composition of macroalgae in an eu-
trophic estuary. Estuarine Coastal Shelf Sci. 33: 1-22.

LITTLER, M. M., AND D. S. LITTLER. 1983. Evolutionary strategies
in a tropical barrier reef system: Functional-form groups of
marine macroalgae. J. Phycol. 19: 229-237.

, AND B. E. LAPOINTE. 1988. A comparison of
nutnent- and light-limited photosynthesis in psammophytic
versus epilithic forms of Halimeda (Caulerpales, Halimeda-
ceae) from the Bahamas. Coral Reefs 6: 219-225.

LowTHION, D., P. G. SousBY, AND M. C. M. HousToN. 1985. In-
vestigation of an eutrophic tidal basin. 1. Factors affecting the
distribution and biomass of macroalgae. Mar. Environ. Res. 15:
263-284.

LUBCHENCO, J. 1978. Plant species diversity in a marine intertidal
community: Importance of herbivore food preference and algal
competitive ability. Am. Nat. 112: 23-39.

Lyons, J., J. AHERN, J. MCCLELLAND, AND L. VALIELA. 1995. Mac-
rophyte abundances in Waquoit Bay estuaries subject to dif-
ferent nutrient loads and the potential role of fringing salt
marsh in groundwater nitrogen interception. Biol. Bull. 189:
255-256.

MCCLELLAND, J., I. VALIELA, AND R. H. MICHENER. In press. Ni-
trogen stable isotope signatures in estuarine food webs: A rec-
ord of increasing urbanization in coastal watersheds. Limnol.
Oceanogt.

MCcQUEEN, D. J., J. R. Post, anD E. L. MiLLs. 1986. Trophic
relationships in freshwater pelagic ecosystems. Can. J. Fish.
Aquat. Sci. 43: 1571-1581.

MaLONE, T. C. 1980. Algal size, p. 433-463. In 1. Morris [ed.],
The physiological ecology of phytoplankton. Univ. Calif.
MARKAGER, S., AND K. SAND-JENSEN. 1992. Light requirements
and depth zonation of marine macroalgae. Mar. Ecol. Prog. Ser.

88: 83-92.

MaroLl, L., B. PAVONI, A. SFRISO, AND S. RACCANELLI. 1993.
Concentrations of polychlorinated biphenyls and pesticides in
different species macroalgae from the Venice Lagoon. Mar.
Pollut. Bull. 26: 553-558.

MATTSON, W. J., JR. 1980. Herbivory in relation to plant nitrogen
content. Annu. Rev. Ecol. Syst. 11: 119-161.

MEINESZ, A. J., AND OTHERS. 1993. Spread of the introduced trop-
ical green alga Caulerpa taxifolia in northern Mediterranean
waters. J. Appl. Phycol. 5: 141-147.

NieNHuls, P. H. 1983. Temporal and spatial patterns of eelgrass
(Zostera marina L.) in a former estuary in the Netherlands,
dominated by human activities. Mar. Technol. Soc. J. 17: 69—
77.

NIXON, S. W., AND OTHERS. 1996. The fate of nitrogen and phos-




1118

phorus at the land-sea margin of the North Atlantic Ocean.
Biogeochemistry 35: 141-180.

NORIN, L., AND M. WAERN. 1973. The zone of algal low standing
crop near Stockholm. Oikos Suppl. 15, p. 179-183.

NORKKO, A., AND E. BONSDORFF. 1996. Rapid zoobenthic com-
munity responses to accumulations of drifting algae. Mar. Ecol.
Prog. Ser. 131: 143-157.

PECKOL, P, AND OTHERS. 1994. Growth, nutrient uptake capacities
and tissue constituents of the macroalgae, Cladophora vaga-
bunda and Gracilaria tikvahiae, related to site-specific nitrogen
loading rates. Mar. Biol. 121: 175-185.

PEDERSON, M. E, AND J. BorRUM. 1992. Nitrogen dynamics of eel-
grass Zostera marina during late summer period of high
growth and low nutrient availability. Mar. Ecol. Prog. Ser. 80:
65-73.

PickETT, S. T. A. 1991. Space-for-time substitution as an alterna-
tive to long-term studies, p. 110-135. In G. E. Likens [ed.],
Long-term studies in ecology: Approaches and alternatives.
Springer.

PoweLL, G. V. N., W. J. KENWORTHY, AND J. W. FOURQUREAN.
1989. Experimental evidence for nutrient limitation of seagrass
growth in a tropical estuary with restricted circulation. Bull.
Mar. Sci. 44: 324-340.

PREGNALL, A. M., aAND S. L. MILLER. 1988. Flux of ammonium
from surf-zone and nearshore sediments in Nahant Bay, Mas-
sachusetts, USA, in relation to free-living Pilayella littoralis.
Mar. Ecol. Prog. Ser. 50: 161-167.

, AND P. P RuDY. 1985. Contribution of green macroalgal
mats (Enteromorpha spp.) to seasonal production in an estuary.
Mar. Ecol. Prog. Ser. 24: 167-176.

SAND-JENSEN, K., AND J. BORUM. 1991. Interactions among phy-
toplankton, periphyton, and macrophytes in temperate fresh-
waters and estuaries. Aquat. Bot. 41: 137-175.

SFRISO, A., B. PAvONI, A. MARCOMINI, AND A. A. Orio. 1992.
Macroalgae, nutrient cycles, and pollutants in the lagoon of
Venice. Estuaries 15: 517-528.

SHORT, E T., W. C. DENNISON, AND D. G. CAPONE. 1990. Phos-
phorus-limited growth of the tropical seagrass Syringodium fil-
iforme in carbonate sediments. Mar. Ecol. Prog. Ser. 62: 169—
174.

, AND C. P. McRoy. 1984. Nitrogen uptake by leaves and
roots of the seagrass Zostera marina L. Bot. Mar. 27: 547-
555.

SMITH, S. V. 1981. Marine macrophytes as a global carbon sink.
Science 211: 838-840.

, AND OTHERS. 1981. Kanehoe Bay sewage diversion ex-

Valiela et al.

periment: Perspectives on ecosystem responses to nutritional
perturbation. Pac. Sci. 35: 279-402.

TAYLOR, D., S. NIXON, S. GRANGER, AND B. BUCKLEY. 1995. Nu-
trient limitation and the eutrophication of coastal lagoons. Mar.
Ecol. Prog. Ser. 127: 235-244.

TEWARI, A., AND H. V. JosHl. 1988. Effect of domestic sewage
and industrial effluents on biomass and species diversity of
seaweeds. Bot. Mar. 31: 389-397.

THYBO-CHRISTESEN, M., M. B. RASMUSSEN, AND T. H. BLACKBURN.
1993. Nutrient fluxes and growth of Cladophora sericea in a
shallow Danish bay. Mar. Ecol. Prog. Ser. 100: 273-281.

TwILLEY, R. R., AND OTHERS. 1985. Nutrient enrichment of estu-
arine submersed vascular plant communities. 1. Algal growth
and effects on production of plants and associated communi-
ties. Mar. Ecol. Prog. Ser. 23: 179-191.

VALIELA, I. 1995. Marine ecological processes, 2nd. ed. Springer.

, AND J. M. TEAL. 1979. The nitrogen budget of a salt marsh

ecosystem. Nature 280: 652—-656.

, , AND W. Sass. 1973. Nutrient retention in salt

marsh plots experimentally fertilized with sewage sludge. Es-

tuarine Coastal Mar. Sci. 1: 261-269.

, AND OTHERS. 1992. Couplings of watersheds and coastal

waters: Sources and consequences of nutrient enrichment in

Waquoit Bay, Massachusetts. Estuaries 15: 443—-457.

, AND OTHERS. 1996. Hurricane Bob in Cape Cod. Am. Sci.

84: 154-165.

, AND OTHERS. 1997. Nitrogen loading from coastal water-
sheds to receiving waters: Review of methods and calculation
of loading to Waquoit Bay. Ecol. Appl. 7: 358-380.

VELIMIROV, B. 1986. DOC dynamics in a Mediterranean seagrass
system. Mar. Ecol. Prog. Ser. 28: 21-41.

WALLENTINUS, 1. 1984. Comparisons of nutrient uptake rates for
Baltic macroalgae with different thallus morphologies. Mar.
Biol. 80: 215-225.

WaLsH, B. L. 1980. Comparative nutrient dynamics of a marsh-
mudflat ecosystem. Estuarine Coastal Mar. Sci. 10: 143-164.

WILCE, R. T, C. W. SCHNEIDER, A. V. QUINLAN, AND K. VANDEN
BoscH. 1982. The life history and morphology of free-living
Pilayella litoralis (L.) Kjellm. (Ectocarpaceae, Ectocarpales) in
Nahant Bay, Massachusetts. Phycologia 21: 336-354.

WILTSE, W. 1., K. H. FOREMAN, J. M. TEAL, AND 1. VALIELA. 1984.
Effects of predators and food resources on the macrobenthos
of salt marsh creeks. J. Mar. Res. 42: 923-942.

ZAITSEV, Y. P. 1992. Recent changes in the trophic structure of the
Black Sea. Fish. Oceanogr. 1: 180-189.

ZIMMERMAN, R. C., R. D. SMITH, AND R. S. ALBERTE. 1987. Is
growth of eelgrass nitrogen limited? A numerical simulation
of the effects of light and nitrogen on the growth dynamics of
Zostera marina. Mar. Ecol. Prog. Ser. 41: 167-176.




	Article Contents
	p. 1105
	p. 1106
	p. 1107
	p. 1108
	p. 1109
	p. 1110
	p. 1111
	p. 1112
	p. 1113
	p. 1114
	p. 1115
	p. 1116
	p. 1117
	p. 1118

	Issue Table of Contents
	Limnology and Oceanography, Vol. 42, No. 5, Part 2: The Ecology and Oceanography of Harmful Algal Blooms (Jul., 1997), pp. 1009-1306
	Front Matter [pp. ]
	Acknowledgments [pp. ]
	Preface [pp. ]
	Diversity of Harmful Algal Blooms in Coastal Waters
	Bloom Dynamics of Toxic Alexandrium Species in the Northeastern U.S [pp. 1009-1022]
	Aureococcus anophagefferens: Causes and Ecological Consequences of Brown Tides in U.S. Mid-Atlantic Coastal Waters [pp. 1023-1038]
	Gymnodinium breve Red Tide Blooms: Initiation, Transport, and Consequences of Surface Circulation [pp. 1039-1051]
	Pfiesteria piscicida and Other Pfiesteria-Like Dinoflagellates: Behavior, Impacts, and Environmental Controls [pp. 1052-1075]
	Harmful Algal Blooms and Red Tide Problems on the U.S. West Coast [pp. 1076-1088]
	Physiology, Ecology, and Toxic Properties of Marine Cyanobacteria Blooms [pp. 1089-1104]
	Macroalgal Blooms in Shallow Estuaries: Controls and Ecophysiological and Ecosystem Consequences [pp. 1105-1118]
	Nutrient Thresholds for Bottom-Up Control of Macroalgal Blooms on Coral Reefs in Jamaica and Southeast Florida [pp. 1119-1131]

	Bloom Dynamics: Physiology, Behavior, Trophic Effects
	What is a Bloom? A Commentary [pp. 1132-1136]
	Harmful Algal Blooms: Their Ecophysiology and General Relevance to Phytoplankton Blooms in the Sea [pp. 1137-1153]
	Coastal Eutrophication and Harmful Algal Blooms: Importance of Atmospheric Deposition and Groundwater as "New" Nitrogen and Other Nutrient Sources [pp. 1154-1165]
	Fluorescence Excitation Spectra and Light Utilization in Two Red Tide Dinoflagellates [pp. 1166-1177]
	Toxin Variability During the Cell Cycle of the Dinoflagellate Alexandrium fundyense [pp. 1178-1188]
	A Study of Metabolism-Influenced Orientation in the Diel Vertical Migration of Marine Dinoflagellates [pp. 1189-1202]
	Toxic Marine Phytoplankton, Zooplankton Grazers, and Pelagic Food Webs [pp. 1203-1214]
	Disruption of Grazer Populations as a Contributing Factor to the Initiation of the Texas Brown Tide Algal Bloom [pp. 1215-1222]

	Emerging Technologies and Modeling
	Optical Detection and Assessment of Algal Blooms [pp. 1223-1239]
	Detection of Harmful Algal Blooms Using Photopigments and Absorption Signatures: A Case Study of the Florida Red Tide Dinoflagellate, Gymnodinium Breve [pp. 1240-1251]
	Marine Algal Toxins: Biochemistry, Genetics, and Molecular Biology [pp. 1252-1264]
	Detection and Quantification of Pseudo-nitzschia Australis in Cultured and Natural Populations Using LSU rRNA-Targeted Probes [pp. 1265-1272]
	Models of Harmful Algal Blooms [pp. 1273-1282]
	Toward a Theory of Biological-Physical Control of Harmful Algal Bloom Dynamics and Impacts [pp. 1283-1296]
	Spatial Patterns in Dense Algal Blooms [pp. 1297-1305]

	Back Matter [pp. ]



