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Abstract
Macrophytes provide important estuarine benthic habitats and support a significant portion of estuarine productivity. The composition and characteristics of these benthic communities are regulated bottom-up by
resource availability and from the top-down by herbivory and predation. Human activities in coastal zones have
dramatically altered the relative strengths of these controls by delivering nutrients to coastal waters and overexploiting fishery resources. Here, we review bottom-up and top-down controls and how these may interact to
structure estuarine macrophyte communities and the ecosystem services they provide. We further discuss the
impacts of climate change on macrophyte communities and highlight the interactions that are likely to occur
with our current knowledge of bottom-up and top-down forcings. Future research on the interactive effects of
bottom-up and top-down controls and climate change on estuarine ecosystem properties (e.g., diversity, community structure, biogeochemistry, etc.) and the services they provide (e.g., food production, nutrient filtration,
etc.) will supply important information for the preservation and management of these critical coastal habitats.

Estuaries are highly productive coastal habitats, typically
shallow in depth and with light penetration reaching the benthos. The flora and fauna of estuaries worldwide vary considerably, but primary producer communities generally include
phytoplankton, benthic microalgae, macroalgae, seagrasses,
and epiphytes growing on the surfaces of macrophytes. The
biomass and composition of these producer communities
depend on a range of factors, including depth, light availability (or turbidity), nutrient supply, water residence time, grazing, and predation.

Seagrass meadows and macroalgal canopies, in particular,
are important benthic habitats within estuaries and comprise
a significant portion of estuarine primary productivity (Mateo
et al. 2006). Carbon fixed by estuarine primary producers can
follow several pathways. It can be transferred to consumers,
deposited to the sediments, or exported to neighboring systems. Macroalgae, epiphytic algae, and benthic microalgae
provide important food resources for a variety of invertebrate
and fish consumers. Seagrasses are generally less palatable to
consumers than algae since seagrasses have a higher content
of carbon-rich structural and storage compounds such as
lignin, cellulose, and carbohydrates (Valentine and Heck
1999). However, the value of seagrasses as a food source to
consumers is somewhat dependent on latitude. In temperate
estuaries, seagrass carbon tends to enter the benthic food web
as detritus (Cebrián 1999; Cebrián and Duarte 2001), whereas
seagrasses are commonly consumed by invertebrates, fish, and
mammals in tropical systems (Hay et al. 1994; Valentine and
Heck 1999; Alcoverro et al. 2001; Arnold and Targett 2002;
Olsen and Valiela 2010). In both temperate and tropical environments, seagrass production directly or indirectly supports
consumers and, potentially, commercially important species
(Lubbers et al. 1990; Heck and Valentine 1995; Duarte and
Chiscano 1999; Nagelkerken et al. 2002; Heck et al. 2003;
Dorenbosch et al. 2004; Spivak et al. 2009a).
In estuaries, macrophytes provide important ecosystem
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services by stabilizing coastal sediments (Harlin et al. 1982),
modifying biogeochemical transformations (Blaabjerg and
Finster 1998; Risgaard-Petersen et al. 1998; McGlathery et al.
2007; Spivak et al. 2007, 2009a), modulating carbon export
and burial (Cebrián 1999; Cebrián and Duarte 2001; Morand
and Merceron 2005), improving water quality by filtering
excess nutrients (Sfriso and Marcomini 1994; McGlathery et
al. 2007) and facilitating deposition of suspended particles
(Gacia et al. 1999), and providing habitat and nursery grounds
to ecologically and economically important animals (Lubbers
et al. 1990; Heck and Valentine 1995; Duarte and Chiscano
1999; Madsen et al. 2001; Orth et al. 2006). The delivery of
these services is influenced by multiple abiotic factors, including nutrients, light, salinity, temperature, pH, and UV radiation. These factors, or resources, are collectively known as bottom-up controls since they directly regulate primary producer
biomass, which forms the base of the food web. Bottom-up
controls may alter biomass, species composition, and/or nutritional quality of producers (Jimenez et al. 1996; Valiela et al.
1997; Hemmi and Jormalainen 2002; Fox et al. 2008).
Changes in producer community structure at the base of the
food web, in turn, affect higher trophic levels (Raffaelli et al.
1998; Deegan et al. 2002; Ware and Thompson 2005; Olsen et
al. in press).
Benthic communities can also be regulated from the top
down by consumers. Herbivores control primary producer biomass and community composition by selectively grazing on
palatable and nutritious algal or plant species (Hay et al. 1994;
Jimenez et al. 1996; Heckscher et al. 1996; Lotze and Worm
2000; Hemmi and Jormalainen 2002; Andersson et al. 2009;
Olsen and Valiela 2010; Olsen et al. in press). Predators can
create “cascading” trophic effects by controlling herbivore
abundance, which, in turn, reduces grazing pressure on primary producers (Warwick et al. 1982; Wootton 1995; Davenport and Anderson 2007). Thus, predators can indirectly
increase primary producer biomass and ecosystem productivity, altering community composition of producers and consumers and food web structure.
Human activities in coastal zones have drastically impacted
controls acting on estuarine primary producer communities
by changing resource levels at the bottom of the food web and
animal communities at top of the food web. Anthropogenic
disturbances such as eutrophication and global climate
change alter the relative strength of bottom-up controls
(Valiela et al. 1997; Cloern 2001; Orth et al. 2006; Rabalais et
al. 2009). At the same time, the composition of animal communities and degree of top-down control are rapidly changing
as the result of intense human harvesting of invertebrate, fish,
and mammal populations (Jackson et al. 2001; Myers and
Worm 2003). Shifts in the relative impact of bottom-up and
top-down mechanisms controlling estuarine macrophytes will
likely impact the services that these benthic estuarine ecosystems provide. Further, interactions between bottom-up and
top-down controls affect biological, trophic, and biogeochem-

ical processes (Fig. 1). Here, we begin with a brief review of the
bottom-up and top-down literature, since there are numerous
recent articles that have thoroughly analyzed the relative
influence of these controlling mechanisms for seagrasses,
macroalgae, and estuaries in general (Cloern 2001; McGlathery 2001; Hughes et al. 2004; Burkepile and Hay 2006; Orth et
al. 2006; McGlathery et al. 2007; Heck and Valentine 2007;
Elser et al. 2007; Gruner et al. 2008). We highlight (1) how the
relative influence of bottom-up and top-down controls in
estuarine benthic macrophyte communities are altered by
anthropogenic disturbances, including increased nutrient
inputs and fishing pressure; (2) how climate change might
affect carbon flow through these ecosystems; and (3) how
these altered pathways might affect some important ecosystem services provided by estuaries.

Bottom-up controls of benthic macrophyte communities
In estuaries, light and nutrients are two of the main bottom-up controls on algae and seagrasses (Moore et al. 1996;
Valiela et al. 1997; Livingston et al. 1998; Cloern 2001; Kemp
et al. 2004; Orth et al. 2006; Fox et al. 2008). Light penetration
through the water column is directly reduced by suspended
particles in the water column, including sediments and phytoplankton, and indirectly by increased nutrient supply that
stimulates higher water column productivity (Valiela et al.
1992; Taylor et al. 1999; Cloern 2001). Development of coastal
watersheds has reduced estuarine water quality by increasing
nutrient and suspended sediment loads. Human activities,
such as deforestation, suburbanization, dredging, commercial
fishing, and commercial and recreational boating, combined
with wind and water currents increase suspended sediment
concentrations and decrease water clarity (Sanford 1994;
Schoellhamer 1996; Yang et al. 2004; Saenger et al. 2008).
Humans have also significantly altered inorganic nutrient
cycling and availability by increasing nitrogen and phosphorus delivery to rivers and estuaries via runoff, wastewater outfalls, groundwater, and atmospheric deposition (Valiela et al.
1992, 2000; Bricker et al. 2007). Nitrogen likely limits primary
production in temperate coastal areas (Nixon and Pilson 1983;
Howarth 1988; Oviatt et al. 1995; Teichberg et al. 2009),
whereas phosphorus may be more important in tropical environments with carbonate sediments due to adsorption of
phosphate to sediments (Lapointe et al. 1992; McGlathery et
al. 1994; however see Elser et al. 2007; Teichberg et al. 2009).
Since light and nutrients are two key resources (i.e., bottomup controls) for growth of algae and macrophytes (Short et al.
1995; Valiela et al. 1997; Burkholder et al. 2007; Brun et al.
2008; Fox et al. 2008), changes in the absolute and relative levels of these resources will influence the biomass and composition of the primary producer communities by altering competitive interactions (Peckol and Rivers 1995; Steen 2004; Worm
and Lotze 2006; Fox et al. 2008). Opportunistic, fast-growing
phytoplankton, epiphytes, and macroalgae respond quickly to
nitrogen and phosphorus supplies in the water column by
130
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Fig. 1. Schematic diagram of mechanisms of control regulating coastal benthic food webs. Resource effects cascade from the bottom of the food web
up, whereas consumer effects cascade from the top of the food web down. Black arrows represent positive interactions, in which abundance at the receiving trophic trophic level is enhanced. Gray arrows show negative interactions in which there is a reduction in abundance at the receiving trophic level.
Human disturbances potentially mediate all the interactions drawn.

accumulating biomass (Orth and van Montfrans 1984; Pedersen and Borum 1996; Cloern 2001). Fong and Zedler (1993)
found that higher light availability favors the proliferation of
free-floating macroalgal biomass. As a result, the larger biomasses of water column algae reduce light availability to benthic macrophytes and algae (Hauxwell et al. 2001; Brush and
Nixon 2002; Hauxwell et al. 2003; Frankovich and Zieman
2005). Overall, light limitation by suspended sediments and

algae is believed to be the most serious cause for present-day
seagrass decline (Duarte 1995; Short and Wyllie-Echeverria
1996; Hauxwell et al. 2001; McGlathery 2001).
Macroalgal taxa differ in their ability to compete for
resources. Ulva spp., for example, have high nutrient uptake
rates and photosynthetic efficiencies (Pedersen and Borum
1996; Plus et al. 2005), grow rapidly, accumulate high biomass,
and outcompete other species (Sfriso et al. 1992; Fong et al.
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1996; Pedersen and Borum 1996; Campbell 2001; Steen 2004;
Teichberg et al. 2008). Under certain conditions, interactions
among species may lead to communities dominated by a few
highly competitive taxa (Peckol and Rivers 1995; Worm and
Chapman 1996; Fox et al. 2008). However, even when competition is high, groups of dominant species coexist, suggesting
that these taxa may have different resource requirements and
resource partitioning may occur (Tilman 1988; Peckol and
Rivers 1995); for example, nitrogen preferences in coexisting
macroalgal species have been suggested (Fox et al. in press;
Teichberg et al. 2008). Thus, the relative availability of light,
nutrients, and other resources may alter competitive outcomes
between estuarine primary producers, thereby influencing producer community biomass and species composition.
Resource supply or availability not only changes biomass
and structure of producer communities, but also alters the
nutritional quality of benthic macrophytes and algae, because
nutrient composition (stoichiometry) of these groups is somewhat flexible (Atkinson and Smith 1983; Duarte 1992; Pedersen and Borum 1996). For instance, when supplies of dissolved
inorganic nitrogen and phosphorus are high, plants and algae
may take up the available nutrients (Elser et al. 1995; Pedersen
and Borum 1996; Hall et al. 2005; Teichberg et al. 2007). The
nutrients may then be used to build biomass or be stored until
other limiting elements are available or conditions are sufficient for growth (Pedersen and Borum 1996; Romero et al.
2006; Teichberg et al. 2007, 2008). Uptake and assimilation of
the available nutrients reduces the carbon-to-nutrient ratio of
seagrass or algal tissues, making the primary producers a
higher quality food source for grazers (McGlathery 1995;
Hemmi and Jormalainen 2002; Boyer et al. 2004; Olsen and
Valiela 2010). Light levels may also affect the carbon-to-nutrient ratio of benthic macrophytes and algae, but responses differ and may be species-specific. For example, under low light
conditions some freshwater macrophytes and algae may
devote their resources to building light-capturing machinery
and produce biomass with a high carbon-to-nutrient ratio and
a lower nutritional value (Sterner et al. 1997; Elser et al. 2002;
Frost and Elser 2002). In the macroalga, Fucus gardneri, nitrogen content was higher under ambient than under reduced
light conditions, and carbon content was not affected by light
level (Edwards et al. 2006), so that under low-light conditions
nutritional quality of the macroalgae was lower. Alternatively,
the macroalga, Ulva intestinalis, showed no change in nitrogen
content with an increasing light regime (Cohen and Fong
2004). In contrast, high light levels can promote high rates of
carbon fixation and production in seagrasses, which can lead
to N limitation and nutritionally poor biomass with increased
C to N ratios (Abal et al. 1994; Grice et al. 1996). Thus, the
identity and relative availability of bottom-up resources may
concurrently influence primary producer elemental composition, growth, and community composition.
Bottom-up controls affect the abundance and composition
of primary producers, as well as consumers at higher trophic

levels. When nutrient enrichment increases the biomass of
easily digestible primary producers, such as epiphytes, benthic
microalgae, and ephemeral macroalgae, there are often subsequent increases in herbivore biomass (Raffaelli et al. 1998;
Deegan et al. 2002; Spivak et al. 2009a). Increased production
at the base of the food web has also been shown to control
production at higher trophic levels (Nixon and Buckley 2002;
Ware and Thomson 2005). Changes in primary producer biomass and identity may also permeate up the food web by altering the relative availability of food items to consumers (Fox et
al. 2009; Olsen et al. in press). Bottom-up controls, therefore,
act at all trophic levels with impacts on primary producers
propagating up food webs.

Top-down controls of benthic macrophyte communities
Consumers can exert control from the top down on lower
trophic levels and primary producers at the base of the food
web. Humans, in particular, have dramatically altered estuarine and coastal herbivore and predator communities by overharvesting commercially and recreationally important species.
Fishing fleets have removed approximately 90% of the predatory fish stocks worldwide (Myers and Worm 2003; Pandolfi et
al. 2003; Mumby et al. 2006). The removal of these organisms
has cascading effects on lower trophic levels (Hughes 1994;
Heck et al. 2000; Jackson et al. 2001; Mumby et al. 2006;
Casini et al. 2009). Because these fisheries are based on organisms that spend some stage of their lives in estuaries, e.g., to
seek refuge and to feed as juveniles (Boesch and Turner 1984;
Baker and Sheaves 2005; Nagelkerken et al. 2008), overfishing
may directly impact estuarine food web structure. Anthropogenic disturbances that alter species diversity and food
chain length affect community composition and the distribution of biomass across trophic levels (Heck and Valentine
2007), so that removal of commercially and recreationally
important species from estuaries and coastal bays has not only
altered trophic interactions, but also the strength of top-down
controls in these systems.
The feeding preferences of carnivores and herbivores also
alter the strength of trophic controls, as well as the species
composition of successively lower trophic levels (Finke and
Denno 2004; Byrnes et al. 2006; Halpern et al. 2006). Predators
may create “cascading” top-down effects by reducing grazer
abundance and indirectly increasing primary producer biomass by releasing them from grazing pressure (Warwick et al.
1982; Wootton 1995; Williams et al. 2004; Casini et al. 2008).
For example, in seagrass habitats, the presence of predatory
fish and crabs can initiate a trophic cascade by reducing or
inhibiting invertebrate grazers, which, in turn, allows algal
biomass to accumulate (Duffy et al. 2005; Moksnes et al. 2008;
Baden et al. 2010).
Top-down control by herbivores also affects macrophyte
biomass and community structure. Reduced top-down pressure has been suggested as a contributing cause of macroalgal
blooms in estuaries (Geertz-Hansen et al. 1993; Valiela et al.
132
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1997; Fox et al. in press). In addition, preferential consumption of certain species or functional groups of macrophytes by
grazers may alter the structure of the benthic community
(Lotze and Worm 2000; Lotze et al. 2001). In seagrass habitats,
grazers can promote seagrass growth and survival by controlling epiphyte and macroalgal biomass (Neckles et al. 1993;
Hughes et al. 2004; Heck et al. 2006; Baden et al. 2010).
Predicting how changing trophic structure affects estuarine
primary producer communities is complicated by the fact that
predators induce shifts not only in their prey biomass, but also
in prey community structure. Grazer community composition
affects the abundance of different primary producers, because
herbivores are highly selective in their food choices. In seagrass systems, for example, grazers can consume epiphytic
algae, macroalgae, benthic microalgae, and/or seagrasses
(Lotze and Worm 2000; Duffy and Harvilicz 2001; Duffy et al.
2001; Goecker and Kall 2003; Tewfik et al. 2005; Valentine and
Duffy 2006; Fox et al. 2010). Herbivore control of marine
macroalgae, however, is highly variable and depends, in part,
on algal palatability (Hay et al. 1994; Heckscher et al. 1996;
Lotze et al. 2001; Andersson et al. 2009) and growth rates
(Gruner et al. 2008; Andersson et al. 2009; Fox et al. in press).
Consequently, the degree of top-down control of herbivores
on estuarine primary producers depends on the identity and
composition of assemblages of herbivores and predators that
are determined by a combination of bottom-up and top-down
mechanisms.

Increased nutrient inputs to estuaries result in higher algal
biomass and, in some systems, hypoxic events, during which
oxygen concentrations in estuarine bottom waters plunge
below levels sufficient to support invertebrates and fishes
(Baden et. al. 1990; Oesterling and Pihl 2001; Fox et al. 2009).
This, in turn, can lead to reduced grazing pressure on primary
producers and increased algal-derived organic matter delivery
to the sediments and export from the system (Valentine and
Heck 1999; Cebrián 1999; Cebrián and Duarte 2001; Domning
2001; Heck and Valentine 2007; Fox et al. in press). The ability of herbivores to regulate primary producer biomass
depends, in part, on algal growth rates and community composition, which are determined by both resource availability
and consumer controls. In seagrass systems, grazers in high
densities may be able control algal biomass (Baden et al.
2010), however grazers are often unable to control macroalgal
biomass under eutrophic conditions when macroalgal biomass is high (Geertz-Hansen et al. 1993; Hauxwell et al. 1998;
Lotze et al. 2001; Worm and Lotze 2006; Fox et al. in press).
Thus, the strength of bottom-up forcing in eutrophic systems
may thereby overwhelm control from the top down and result
in a feedback loop that creates unfavorable hypoxic conditions, which reduce grazer abundances and weaken top-down
control of algal biomass.
Bottom-up controls on biomass, species composition, and
nutritional quality of the primary producers have implications
for coastal ecosystem processes and food webs. For example,
nutrient loading to coastal waters can reduce water clarity by
increasing phytoplankton, epiphytic, and macroalgal biomass.
As a result, the productivity of seagrasses and sediment
microalgae may decline and sediment microbial activity may
be altered (McGlathery et al. 2007). If the nutrient-stimulated
algal biomass is not consumed by herbivores or exported from
the system, algal decomposition may lead to lowered dissolved oxygen in the water column (Meyer-Reil and Koster
2000; Cloern 2001). Eutrophication and low oxygen conditions in the water column can, in addition to reducing the survival of benthic invertebrates and fish (Vaquer-Sunyer and
Duarte 2008), affect the burial and sequestration of organic
matter (Rabalais et al. 2009). Under anoxic conditions and
with limited bioturbation from invertebrates, sediments may
have slower decomposition rates of refractory organic material, but the organic material deposited under eutrophic conditions will come from more labile sources that are more rapidly decomposed like phytoplankton and opportunistic
macroalgae (Kristensen et al. 1995; Kristensen 2000; McGlathery et al. 2007). It is, therefore, difficult to predict the resulting changes in organic matter sequestration.
Top-down and bottom-up controls interact when increased
nutrients increase producer nutritional value and alter herbivore feeding habits. Herbivores often prefer and increase consumption rates of nutrient-rich food, as has been shown for
invertebrates (Jimenez et al. 1996; Hemmi and Jormalainen
2002), fish (McGlathery 1995; Heck et al. 2000, 2006; Boyer et

Interactions and feedbacks between bottom-up and
top-down controls
Bottom-up (i.e., resource) controls can propagate up from
the base of the food web to higher trophic levels, and topdown (i.e., consumer) effects are generally strong determinants
of biomass distribution across multiple trophic levels (Borer et
al. 2006; Burkepile and Hay 2006; Heck and Valentine 2007).
The relative magnitude of top-down versus bottom-up controls
in coastal benthic food webs is likely a function of multiple factors including resource identity, primary producer, and consumer community composition, and abiotic factors that may
vary temporally and spatially. Top-down and bottom-up forcings may have a synergistic effect on the primary producer
community (Fig.1). For example, in the Baltic Sea, higher biomasses of ephemeral bloom-forming macroalgae have been
attributed to a combination of anthropogenic factors, eutrophication, and cascading effects of the removal of top-level predators by overfishing (Eriksson et al. 2009). Alternatively, interactions between controls can have an antagonistic effect on
the primary producer community (Fig. 1; Hughes et al. 2004;
Burkepile and Hay 2006). Understanding how bottom-up and
top-down controls, both singularly and interactively, affect
estuarine benthic ecosystem properties and processes is important given that human disturbances are simultaneously changing resource availability and abundance and species composition of consumers at higher trophic levels.
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al. 2004; Goecker et al. 2005), turtles (Bjorndal 1980), and
marine mammals (Preen 1995). Because the stoichiometric
requirements of animals are generally more constrained than
those of plants and algae, the ability of herbivores to convert
algal tissues into biomass depends, in part, on the nutritional
quality of algae (Cruz-Rivera and Hay 2000), and the rates of
herbivore growth and reproduction are higher when they consume food with a similar nutritional ratio (Acharya et al. 2004).
Consumers tend to prefer food of higher nutritional value,
because they have to spend energy to excrete unused elements
if there is a large imbalance between the nutrient content of
the food source and themselves (Anderson et al. 2005).
Quality of primary producers as a food source to herbivore
also depends on chemical defenses, including tannins and
phenolics (Hay et al. 1994; Arnold and Targett 2002; Goecker
et al. 2005), which are influenced by both bottom-up and topdown controls. The degree to which chemical defenses deter
grazers is a function of grazing pressure (Toth and Pavia 2007)
and primary producer nutrient content (Ruiz et al. 2001).
Intense grazing activity increases resistance in algae (Toth and
Pavia 2007), whereas increased nutrient availability may lower
concentrations of grazing deterrent compounds in producers.
When nutrient supply is limited, carbohydrates may be available in excess of what can be metabolized into proteins and
instead be allocated to production of nitrogen-free secondary
metabolites (Bryant et al. 1983; Buchsbaum et al. 1990). Yates
and Peckol (1993) found that defensive compounds were significantly higher in macroalgae from a low-nitrogen site compared with a high-nitrogen site. For seagrasses, similar relationships have been found. Buchsbaum et al. (1990) reported
an inverse relationship between tissue nitrogen and chemical
deterrents, and Goecker et al. (2005) found that seagrass leaves
with higher tissue nitrogen content also had significantly
lower levels of defense compounds. Differences in not only
nutritional quality, but also biomass and identity of macrophytes and algae lead to preferential consumption of certain
taxa by herbivores. The degree of top-down control in structuring primary producer assemblages is thereby mediated by
bottom-up mechanisms.
Bottom-up mediated changes in nutritional quality and primary producer composition may also ascend the food web by
influencing biomass production at higher trophic levels.
Increases in resource availability that lead to higher production of inedible primary producers may weaken herbivore
controls on macrophytes and algae. Alternatively, grazer control of primary producers may be strengthened when algal
nutritional value is high and chemical defenses are low. Thus,
the likelihood that bottom-up controls will increase herbivore
abundance is greater if the quantity and quality of primary
producer biomass is increased (Cruz-Rivera and Hay 2000).
This suggests that the identity of a bottom-up control (i.e.,
nutrients versus light) and the composition of the primary
producer community may determine whether resource effects
are propagated to higher trophic levels.

Top-down controls are therefore modulated by shifts in the
relative availability of food items following changes in consumer and producer communities. For example, in Waquoit
Bay, a shallow temperate estuary, nutrient enrichment resulted
in a shift in the availability of food items to omnivores (Fox et
al. 2009). Omnivores in this system shifted from a diet that was
mainly carnivorous in a noneutrophic estuary, where the preferred small prey were abundant, to feeding mainly as herbivores in a eutrophic estuary, where prey were scarce and
macroalgal biomass was high. Similar dietary shifts in small,
omnivorous crustaceans have been shown in other systems,
where algae or detritus are consumed when preferred prey are
scarce (e.g., Edgar 1990; Parkyn et al. 2001; Jephson et al. 2008;
Persson et al. 2008). Shifts from seagrass- to algae-dominated
producer communities brought about by anthropogenic nitrogen loading may result in consumer diets changing from seagrass- and detritus-based to macroalgae-dominated diets
(McClelland and Valiela 1998; Olsen et al. in press).
In addition to altering patterns of biomass and distribution
across trophic levels, bottom-up and top-down controls influence benthic ecosystem processes. For example, bottom-up
controls that increase algal biomass may also increase gross
ecosystem productivity (Spivak et al. 2009a), however, gross
ecosystem productivity may be reduced when grazers are present and predators are absent (Spivak et al. 2007). In addition to
altering ecosystem metabolism, bottom-up and top-down controls affect biogeochemical cycles. Rooted plants like seagrasses
play an engineering role in sediment biogeochemistry and can
modify the physical and chemical conditions in the sediments
they inhabit, e.g., by releasing oxygen and dissolved organic
carbon through their roots (Hemminga et al. 1991; Hemminga
1998). In contrast, macroalgae may reduce oxygen concentrations in bottom waters and decomposition of macroalgal and
phytoplankton detritus can lead to sediment anoxia (KrauseJensen et al. 1999). Thus, top-down and bottom-up forcings
that limit seagrass and algal biomass and productivity indirectly lead to oxygen depletion of bottom waters and sediments. Lower oxygen in the sediments leads to more negative
redox potential in sediments, which alters bacterial activity
and benthic carbon, nitrogen, and sulfur cycling (Marbà et al.
2006). A negative feedback loop impacting benthic macrophytes may be initiated because products of bacterial metabolism under anoxic conditions, such as sulfide, can be toxic to
seagrasses and further stress the macrophyte community
(Holmer et al. 2006; Calleja et al. 2007; Koch et al. 2007).
Top-down and bottom-up forces can also alter the relative
contribution of seagrasses, macroalgae, and plankton to
organic matter deposited to the sediments (Canuel et al. 2007;
Spivak et al. 2007, 2009b). Algae are preferentially used by bacteria and remineralized more rapidly, probably due to the relatively refractory composition of seagrass detritus (Holmer et al.
2004). A change in the composition of organic matter therefore
alters decomposition rates, chemical and physical conditions
of the sediment, benthic metabolism, nutrient remineraliza134
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tion rates, and benthic nutrient cycling (Eyre and Ferguson
2002; Holmer et al. 2004; Canuel et al. 2007; Spivak et al. 2007,
2009b). Thus, resource and consumer controls that alter the
relative biomasses of seagrass and macroalgal relative abundances affect long-term processes, such as carbon supply and
burial (Duarte and Cebrián 1996; Cebrián 1999) and organic
matter subsidies to nearby ecosystems (Valentine et al. 2007).
In striving to summarize the interactive effects of bottomup and top-down controls on marine and estuarine habitats,
several recent meta-analyses were performed. One such analysis of 54 experiments across multiple marine habitats and geographic locations demonstrated that herbivory and nutrient
enrichment interactively affect primary producer abundance
(Burkepile and Hay 2006). Further, these trends were widespread and varied with latitude. Top-down controls dominated in tropical environments. In temperate systems, the relative importance of top-down or bottom-up controls
depended on system productivity as bottom-up effects were
strongest in high-productivity systems, wheras top-down control by herbivores had a stronger influence in low-productivity systems (Burkepile and Hay 2006). Another meta-analysis
of 35 studies in seagrass habitats showed that positive effects
of epiphyte grazers on seagrass biomass were similar in magnitude to the negative effects of water column nutrient enrichment, suggesting bottom-up and top-down forcings may be of
equal importance in some systems (Hughes et al. 2004).
Recent experimental work suggests that heavy grazing of algae
and epiphytes might be able to offset some of the negative
effects of eutrophication on seagrasses (Hughes et al. 2004;
Armitage et al. 2005; Heck and Valentine 2007). For example,
in nutrient-rich coastal waters, epiphytic algal blooms may be
reduced by invertebrate grazers, benefitting seagrasses (Neckles et al. 1993; Duffy and Harvilicz 2001; Armitage et al. 2005;
Heck and Valentine 2006; Baden et al. 2010).

to deliver services that are vital to humans, including sediment stabilization, carbon sequestration, water quality
improvement, biogeochemical transformations, and habitat
to economically important animals, may change (Orth et al.
2006). Reductions in the services estuarine macrophyte communities provide will likely have negative impacts on human
well-being and local economies, especially those dependent
on fishery and tourism industries (MEA 2005).
Warmer waters are expected to promote growth rates of
algae, higher phytoplankton, and macroalgal standing stocks
(Bintz et al. 2003; Rabalais et al. 2009), and perhaps increase
the frequency of harmful algal blooms (Stachowicz et al. 2002;
Tsai et al. 2005; Fig. 2, top). Warming may favor certain taxa,
since resource use varies among different primary producer
species, and some species may not tolerate the higher water
temperatures (Short and Neckles 1999). For example, the competitive dominance of the ubiquitous macroalgae, Ulva spp.,
will likely increase under scenarios of warmer temperatures
and higher nutrient supplies since its photosynthetic capabilities increase with temperature and nitrogen enrichment
(Longstaff et al. 2002; Bintz et al. 2003; Cabello-Pasini and
Figueroa 2005; Plus et al. 2005). Increased water column algal
biomass will reduce light availability to seagrass, possibly leading to further declines in seagrass abundance. This may be followed by a loss of ecosystem services provided by seagrass
ecosystems, which would lead to increased sediment mobilization (i.e., erosion), lower water clarity (due to suspended
sediments and algae), and reduced abundances of fish and
invertebrate species that use seagrasses as nursery and foraging
habitats. Increasing temperatures will also alter the geographic
distributions of species and facilitate the establishment of
invasive taxa (Parmesan and Yohe 2003; Valiela 2006; Occhipinti-Ambrogi 2007).
Shifts in the biomass and composition of plant and animal
communities will alter nutrient cycling and storage (Cloern
2001), as well as trophic interactions in coastal food webs (Fox
et al. 2009; Breitburg et al. 2009). In the sediments, warmer
temperatures may increase rates of microbial respiration and
decomposition processes; this may alter redox conditions as
oxygen concentrations decline and bacterial community
metabolism shifts. In turn, rates of organic matter decomposition may slow and sediment carbon sequestration may be
enhanced.
Warmer temperatures will also affect animal metabolic
rates and, by extension, top-down controls on primary producers (Allen et al. 2005; Lopez-Urrutia et al. 2006; O’Connor
et al. 2009). For example, animal respiration rates increase
with rising temperature. Shifts in animal carbon demand and
usage will alter trophic dynamics since animals must obtain
energy from plants or organisms lower in the food chain.
Recent models predicted that temperature was a stronger
determinant of animal respiration than autotrophic production (Allen et al. 2005; Lopez-Urrutia et al. 2006). As a result,
increased temperatures may strengthen top-down controls on

Climate change, benthic macrophyte communities,
and ecosystem services
There is consensus within the scientific community that
human activities are altering a myriad of features of the Earth’s
system. For instance, in the coming decades and centuries, it
is expected that human activities will cause air and water temperatures to increase and oceanic pH levels to fall (Parmesan
and Yohe 2003; Nixon et al. 2004; Oviatt 2004; Valiela 2006;
IPCC 2007). In coastal systems, the impacts of these disturbances will be exacerbated by eutrophication and commercial
fisheries. Combined, these global and regional changes will
likely alter physical, chemical, and biological drivers in coastal
waters. Since many of the expected disturbances affect
resource availability, it is likely that bottom-up controls will be
more strongly impacted than top-down controls. In addition,
synergistic interactions between multiple stressors may affect
the relative influence of bottom-up versus top-down controls
on production and community dynamics in estuarine benthic
macrophyte habitats. As a result, the ability of these systems
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ability and temperature may synergistically alter seagrass community assemblages and carbon cycling processes through
interacting mechanisms.
Rising coastal water temperatures combined with higher
nutrient supply will likely increase water column algal growth
and, potentially, the frequency and duration of hypoxic
events (Boesch et al. 2007; Rabalais et al. 2009). Periods of low
water column oxygen can adversely affect animals, leading to
fish kills and reduced benthic organism abundances (Fox et al.
2009; Levin et al. 2009). In turn, this can reduce top-down
forcing on lower trophic levels and primary producers (Fox et
al. in press). Hypoxia may be exacerbated in the coming
decades, since warmer water holds less oxygen because of temperature-dependent solubility of oxygen in seawater (Rabalais
et al. 2009). However, recent experimental evidence suggests
that interactions between rising temperatures and increased
nutrient availability may strengthen top-down control by herbivores on primary producers (O’Connor et al. 2009). Thus in
well-mixed estuaries, higher temperatures and nutrient levels
may increase the production of high-quality algal biomass
that is readily transferred to higher trophic levels
The pH of marine waters is expected to drop from the current level of 8.1 to 7.8 by the year 2100 as atmospheric CO2
levels rise (Orr et al. 2005). Atmospheric CO2 dissolution into
seawater is followed by an increase in bicarbonate (HCO3–),
which is readily taken up by primary producers. This is
expected to have strong effects on abundances and growth
rates of primary producers, corals, calcifying algae, and shellforming organisms (Harley et al. 2006; Guinotte and Fabry
2008; Doney et al. 2009). For instance, increasing CO2 is
expected to have a positive effect on seagrass productivity
and, if water clarity is sufficient, on seagrass extent (Harley et
al. 2006; Guinotte and Fabry 2008). Some calcifying invertebrates have also shown positive responses to increased CO2
and higher water temperatures (Gooding et al. 2009). However, many organisms that depend heavily on their calcified
skeletons are expected to be negatively impacted by acidification. For example, calcification rates of mussels and oysters are
lower when grown under high CO2 conditions (Gazeau et al.
2007), and shells of trophically important pteropods were
deformed or had evidence of dissolution after exposure to
lower pH water (Orr et al. 2005). Lower pH levels can reduce
the fitness of calcifying and shell-forming organisms, and will
likely have cascading effects on benthic and pelagic food web
structure and stability. Reduced pH is also expected to impact
the respiration, metabolism, and physiology of marine animals (Portner et al. 2004). As such, it is likely that changes in
the community composition of primary producers and animals will follow drops in pH.
Changes in pH levels may also indirectly impact herbivores. Since the carbon to nutrient ratio (i.e., stoichiometry) of
algae is flexible, it is possible that increased bicarbonate availability could result in algal cells having higher concentrations
of carbon relative to other nutrients. This means that, in lower

Fig. 2. Strength of bottom-up (BU) and top-down (TD) controls along a
nutrient-loading gradient. BU controls (gray lines) tend to be weaker
where nutrient loads are lower, and the strength of BU control increases
as nutrient-loading increases. TD controls (black lines) tend to be
strongest where nutrient loads are lower, and they weaken as nutrient
loads increase. The relative importance or strength of BU or TD controls
will depend on temperature, so that the position and slopes of the lines
under current temperatures (solid lines) may shift with warmer temperatures (dashed lines). The point at which these lines intersect represents
the nutrient load at which neither control dominates.
primary producers (O’Connor et al. 2009). In addition, rising
temperatures may speed the rates at which animals grow and
mature (Harley et al. 2006). Thus, larval invertebrates and fish
may spend less time feeding on algae and zooplankton before
switching to larger prey items. This will have implications for
carbon transfer within the pelagic food web and between the
benthic and pelagic food webs. These alterations to trophic
structure of coastal communities will further impact top-down
control mechanisms. Consequently, shifts in nutrient avail136
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Looking ahead

pH waters, algal cells may have a lower nutritional value to
herbivores (van de Waal et al. 2010). Since the carbon to nutrient ratio of animals is generally less flexible, herbivores may
become nutrient limited, resulting in slower growth rates
(Urabe et al. 2003). Further, interactive effects between
warmer waters and reduced pH may increase the stoichiometric (i.e., C:N:P) mismatch between primary producers and herbivores. This could strongly affect herbivore community composition, favoring species with high carbon to nutrient ratios,
and biomass production at higher trophic levels. Alternatively,
grazing pressure on algae may increase if herbivores increase
their feeding efforts in order to maintain a stoichiometric balance. Because of the complex and understudied effects of pH
on plant and animal communities, it is difficult to predict
how this stressor will alter bottom-up and top-down dynamics. We suggest that future experimental investigations of benthic macrophyte community responses to pH and interactions
between pH and other stressors will be helpful in predicting
long-term changes.
With projected increases in human populations in coastal
areas (Valiela 2006), it is likely that fishing efforts will intensify. Commercial and recreational fishing that removes toppredators, including fish and invertebrate species, may indirectly reduce predation pressure on herbivores. In turn,
grazing pressure on edible primary producers may strengthen
and maintain algal biomass at low levels, even in habitats with
high nutrient availability (Hughes et al. 2004; Armitage et al.
2005; Burkepile and Hay 2006). This suggests that the negative
effects of eutrophication may be alleviated in some areas with
high fishing pressure. Therefore, intense grazing, that reduces
macroalgal and phytoplankton abundances, may increase
water quality and clarity, which are important ecosystem services. Depending on the trophic structure of the food web,
overfishing may have the opposite effect. Removal of intermediate predators leads to increased predation pressure on
herbivores thereby releasing grazing pressure on primary producers and causing proliferation of algae (Eriksson et al. 2009).
It is therefore unclear how overfishing will impact benthic
macrophyte communities as alterations to controlling mechanisms progress in the coming decades.
The predicted changes in water temperature and pH, coupled with the expectation that human populations and
demands for natural resources will increase, likely mean that
coastal systems will face dramatic biological and chemical
alterations in coming decades. Research on the interactive
effects of temperature, nutrient availability, pH, and diversity
in marine environments is needed, especially at the habitat
and landscape levels. In addition, effort should be devoted to
valuing ecosystem services, predicting how they will change,
and identifying ways to sustainably provision these services
(MEA 2005). Identifying how bottom-up and top-down control mechanisms affect food production, sediment stabilization, and water quality in estuarine macrophyte communities
is a first step.

Human influences in the coastal zone, including overfishing and increased nutrient inputs, have major impacts on the
relative strengths of top-down and bottom-up controls as
illustrated by the examples above. Projections suggest that the
global human population is likely to increase steadily for several generations to come and that urban sprawl will continue
to increase at the expense of natural vegetation and rural areas
(Lutz et al. 2001; Valiela 2006). The projected population
increase is inevitably linked with increased resource demands,
and we will continue to see changes in land use on watersheds
coupled to estuaries. Eutrophication status of estuaries is likely
to improve in some systems through a combination of
research, monitoring, and management, but many estuaries
will see worsening conditions. In the 2007 NOAA report on
the status of US estuaries, a comparison was made between
eutrophic conditions of estuaries assessed in the early 1990s
and in 2004 (Bricker et al. 2007). During that time, conditions
had improved in 13 estuaries, worsened in 13, and remained
unchanged in 32 systems. Of the systems assessed a worsening
of eutrophic conditions was predicted for 65% of the nation¢s
estuaries by 2020.
In addition to potential increased nitrogen and phosphorus
inputs, these changes will likely lead to losses of wetland area
(Lotze et al. 2006; Valiela 2006). Wetlands, e.g., salt marsh or
mangroves, intercept land-derived inputs of nitrogen due to
high rates of denitrification and nitrogen burial (Valiela 1983).
A strong link has been demonstrated between wetland area
and seagrass production, which is a good indicator of estuarine health (Valiela et al. 1997; Valiela and Cole 2002). Wetlands are therefore important in regulating nutrient inputs to
estuaries and have the potential to mitigate the negative
effects of excess nutrients to estuaries.
There is increasing effort to restore estuarine habitats and
remediate the negative effects caused by anthropogenic activities. Many restoration schemes are in place worldwide, especially in North America, Europe, and Australia (Ruiz-Jaen and
Aide 2005; Elliott et al. 2007). Management actions include
restoring tidal flushing to former salt marshes, replanting of
seagrass meadows, and improving upper estuarine water quality by increasing flushing times and diverting wastewater outfall pipes. Although restoration techniques have been successful and are worthwhile, restored habitats rarely fully recover to
original communities, replace lost habitat, and restore ecosystem services (Elliott et al. 2007).
While evidence suggests that human exploitation of
marine resources has altered coastal food webs and thereby
increased coastal ecosystems’ vulnerability to eutrophication,
there are still gaps in our knowledge as to how top-down and
bottom-up effects interact. Hughes et al. (2004) point out that
experiments manipulating grazers and nutrients simultaneously in macrophyte systems are relatively few, and there is a
need to further investigate these interactions to fully evaluate
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communities. The floral and faunal communities are susceptible to the many alterations to estuarine habitats that are taking place as a result of human activities on adjacent watersheds, in coastal waters, and in the atmosphere. The
human-driven degradation of estuarine water quality and
habitats has led to major changes in biogeochemical processing of nutrients and carbon, standing stocks of primary producers and consumers, and trophic transfer of estuarine
resources. We emphasize that without a better understanding
of the interacting mechanisms that control estuarine benthic
communities, we lack the tools necessary to mitigate the powerful changes that are predicted to occur in the coming
decades.

Abal, E. G., N. Loneragan, P. Bowen, C. J. Perry, J. W. Udy, and
W. C. Dennison. 1994. Physiological and morphological
responses of the seagrass Zostera capricorni Aschers to light
intensity. J. Exp. Mar. Biol. Ecol. 178:113-129 [doi:10.1016/
0022-0981(94)90228-3].
Acharya, K., M. Kyle, and J. J. Elser. 2004. Effects of stoichiometric dietary mixing on Daphnia growth and reproduction. Oecologia 138:333-340 [doi:10.1007/s00442-0031444-8].
Alcoverro, T., M. Manzanera, and J. Romero. 2001. Annual
metabolic carbon balance of the seagrass Posidonia oceanica:
the importance of carbohydrate reserves. Mar. Ecol. Prog.
Ser. 211:105-116 [doi:10.3354/meps211105].
Anderson, T. R., D. O. Hessen, J. J. Elser, and J. Urabe. 2005.
Metabolic stoichiometry and the fate of excess carbon and
nutrients in consumers. Am. Nat. 165:1-15 [doi:10.1086/
426598].
Andersson, S., M. Persson, P. O. Moksnes, and S. Baden. 2009.
The role of the amphipod Gammarus locusta as a grazer on
macroalgae in Swedish seagrass meadows. Mar. Biol.
156:969-981 [doi:10.1007/s00227-009-1141-1].
Allen, A. P., J. F. Gillooly, and J. H. Brown. 2005. Linking the
global carbon cycle to individual metabolism. Funct. Ecol.
19:202-213 [doi:10.1111/j.1365-2435.2005.00952.x].
Armitage, A. R., T. A. Frankovich, K. L. Heck, and J. W.
Fourqurean. 2005. Experimental nutrient enrichment
causes complex changes in seagrass, microalgae, and
macroalgae community structure in Florida Bay. Estuaries
28:422-434 [doi:10.1007/BF02693924].
Arnold, T. M., and N. M. Targett. 2002. Marine tannins: The
importance of a mechanistic framework for predicting ecological roles. J. Chem. Ecol. 28:1919-1934 [doi:10.1023/
A:1020737609151].
Atkinson, M. J., and S. V. Smith. 1983. C:N:P ratios of benthic
marine
plants.
Limnol.
Oceanogr.
28:568-574
[doi:10.4319/lo.1983.28.3.0568].
Baden, S., L. O. Loo, L. Pihl, and R. Rosenberg. 1990. Effects of
eutrophication on benthic communities including fish:
Swedish west coast. Ambio 19:113-122.
———, C. Bostrom, S. Tobiasson, H. Arponen, and P. -O. Moksnes. 2010. Relative importance of trophic interactions and
nutrient enrichment in seagrass ecosystems: A broad-scale
field experiment in the Baltic–Skagerrak area. Limnol.
Oceanogr. 55:1435-1448 [doi:10.4319/lo.2010.55.3.1435].
Baker, R., and M. Sheaves. 2005. Redefining the piscivore
assemblage of shallow estuarine nursery habitats. Mar. Ecol.
Prog. Ser. 291:197-213 [doi:10.3354/meps291197].
Bintz, J. C., S. W. Nixon, B. A. Buckley, and S. L. Granger. 2003.
Impacts of temperature and nutrients on coastal lagoon
plant communities. Estuaries 26:765-776 [doi:10.1007/
BF02711987].
Bjorndal, K. A. 1980. Nutrition and grazing behavior of the

Glossary
Bottom-up control: Limitation of the abundance or biomass of
an organism by resource availability.
Ecosystem services: Benefits provided by natural ecosystems to
humans.
Hypoxia: Low oxygen conditions.
Macrophyte: Macroscopic forms of aquatic vegetation, including seagrasses and macroalgae.
Secondary metabolite: A compound that is not necessary for
growth or maintenance of cellular functions. In macrophytes,
secondary metabolites may be important for plant defense
against herbivory.
Top-down control: Limitation of the abundance or biomass of
an organism by predation or herbivory.
Trophic cascades: A change in the rate of consumption at one
trophic level that results in a series of changes in species abundances and species compositions at lower trophic levels. Occur
when predators in a food chain suppress the abundance of
their prey, thereby releasing predation pressure on the next
lower trophic level. Conversely predators may decrease in
abundance, releasing pressure on their prey, and increasing
consumption of the next lower trophic level.
Watershed: The area of land where water from rain and melting snow or ice drains downhill into a body of water.
138

Fox et al.

Controls on estuarine macrophytes

green turtle Chelonia mydas. Mar. Biol. 56:147-154
[doi:10.1007/BF00397131].
Blaabjerg, V., and K. Finster. 1998. Sulphate reduction associated with roots and rhizomes of the marine macrophyte
Zostera marina. Aquat. Microb. Ecol. 15:311-314
[doi:10.3354/ame015311].
Boesch, D. F., and R. E. Turner. 1984. Dependence of fishery
species on salt marshes: The role of food and refuge. Estuaries 7:460-468 [doi:10.2307/1351627].
———, V. J. Coles, D. G. Kimmel, and W. D. Miller. 2007. Ramifications of climate change for Chesapeake Bay hypoxia, p.
54-70. In K. L. Ebi, G. A. Meehl, D. Bachelet, R. R. Twilley,
and D. F. Boesch [eds.], Regional impacts of climate change:
Four case studies in the United States. Pew Center on
Global Climate Change.
Borer, E. T., B. S. Halpern, and E. W. Seabloom. 2006. Asymmetry in community regulation: effects of predators and
productivity. Ecology 87:2813-2820 [doi:10.1890/00129658(2006)87[2813:AICREO]2.0.CO;2].
Boyer, K. E., P. Fong, A. R. Armitage, and R. A. Cohen. 2004.
Elevated nutrient content of tropical macroalgae increases
rates of herbivory in coral, seagrass, and mangrove habitats.
Coral Reefs 23:530-538
Breitburg, D. L., D. W. Hondorp, L. W. Davias, and R. J. Diaz.
2009. Hypoxia, nitrogen and fisheries: Integrating effects
across local and global landscapes. Ann. Rev. Mar. Sci.
1:329-350 [doi:10.1146/annurev.marine.010908.163754].
Bricker, S., B. Longstaff, W. Dennison, A. Jones, K. Boicourt, C.
Wicks, and J. Woerner. 2007. Effects of nutrient enrichment
in the nation_s estuaries: A decade of change. NOAA
Coastal Ocean Program decision analysis Series No. 26.
National Centers for Coastal Ocean Science.
Brun, F. G., I. Olive, E. J. Malta, J. J. Vergara, I. Hernandez, and
J. L. Perez-Llorens. 2008. Increased vulnerability of Zostera
noltii to stress caused by low light and elevated ammonium
levels under phosphate deficiency. Mar. Ecol. Prog. Ser.
365:67-75 [doi:10.3354/meps07512].
Brush, M. J., and S. W. Nixon. 2002. Direct measurements of
light attenuation by epiphytes on eelgrass Zostera marina.
Mar. Ecol. Prog. Ser. 238:73-79 [doi:10.3354/meps238073].
Bryant, J. P., F. S. Chapin, and D. R. Klein. 1983. Carbon/nutrient balance of boreal plants in relation to vertebrate herbivory. Oikos 40:357-368 [doi:10.2307/3544308].
Buchsbaum, R. N., F. T. Short, and D. P. Cheney. 1990. Phenolic-nitrogen interactions in eelgrass, Zostera marina L.: Possible implications for disease resistance. Aquat. Bot. 37:291297 [doi:10.1016/0304-3770(90)90075-V].
Burkepile, D. E., and M. E. Hay. 2006. Herbivore vs. nutrient
control of marine primary producers: context-dependent
effects.
Ecology
87:3128-3139
[doi:10.1890/00129658(2006)87[3128:HVNCOM]2.0.CO;2].
Burkholder, J. M., D. A. Tomasko, and B. W. Touchette. 2007.
Seagrasses and eutrophication. J. Exp. Mar. Biol. Ecol.
350:46-72 [doi:10.1016/j.jembe.2007.06.024].

Byrnes, J., J. J. Stachowicz, K. M. Hultgren, A. R. Hughes, S. V.
Olyarnik, and C. S. Thornber. 2006. Predator diversity
strengthens trophic cascades in kelp forests by modifying
herbivore behaviour. Ecol. Lett. 9:61-71.
Cabello-Pasini, A., and F. L. Figueroa. 2005. Effect of nitrate
concentration on the relationship between photosynthetic
oxygen evolution and electron transport rate in Ulva rigida
(Chlorophyta). J. Phycol. 41:1169-1177 [doi:10.1111/
j.1529-8817.2005.00144.x].
Calleja, M. L., N. Marba, and C. M. Duarte. 2007. The relationship between seagrass (Posidonia oceanica) decline and
sulfide porewater concentration in carbonate sediments.
Estuar. Coast. Shelf. Sci. 73:583-588 [doi:10.1016/j.ecss.
2007.02.016].
Campbell, S. 2001. Ammonium requirements of fast-growing
ephemeral macroalgae in a nutrient-enriched marine
embayment (Port Phillip Bay, Australia). Mar. Ecol. Prog.
Ser. 209:99-107 [doi:10.3354/meps209099].
Canuel, E. A., A. C. Spivak, E. J. Waterson, and J. E. Duffy.
2007. Biodiversity and food web structure influence shortterm accumulation of sediment organic matter in an experimental seagrass system. Limnol. Oceanogr. 52:590-602
[doi:10.4319/lo.2007.52.2.0590].
Casini, M., and others. 2008. Multi-level trophic cascades in a
heavily exploited open marine ecosystem. Proc. Biol. Sci.
275:1793-1801 [doi:10.1098/rspb.2007.1752].
———, and others. 2009. Trophic cascades promote thresholdlike shifts in pelagic marine ecosystems. Proc. Nat. Acad.
Sci. U.S.A. 106:197-202 [doi:10.1073/pnas.0806649105].
Cebrián, J. 1999. Patterns in the fate of production in plant
communities. Am. Nat. 154:449-468 [doi:10.1086/303244].
———, and C. M. Duarte. 2001. Detrital stocks and dynamics
of the seagrass Posidonia oceanica (L.) Delile in the Spanish
Mediterranean. Aquat. Bot. 70:295-309 [doi:10.1016/
S0304-3770(01)00154-1].
Cloern, J. E. 2001. Our evolving conceptual model of the
coastal eutrophication problem. Mar. Ecol. Prog. Ser.
210:223-253 [doi:10.3354/meps210223].
Cohen, R. A., and P. Fong. 2004. Responses of bloom-forming
green macroalga to short-term change in salinity, nutrients,
and light help explain its ecological success. Estuaries
27:209-216 [doi:10.1007/BF02803378].
Cruz-Rivera, E., and M. E. Hay. 2000. Can quantity replace
quality? Food choice, compensatory feeding, and fitness of
marine mesograzers. Ecology 81:201-219 [doi:10.1890/
0012-9658(2000)081[0201:CQRQFC]2.0.CO;2].
Davenport, A. C., and T. W. Anderson. 2007. Positive indirect
effects of reef fishes on kelp performance: the importance
of mesograzers. Ecology 88:1548-1561 [doi:10.1890/060880].
Deegan, L. A., A. Wright, S. G. Ayvazian, J. T. Finn, H. Golden,
R. R. Merson, and J. Harrison. 2002. Nitrogen loading alters
seagrass ecosystem structure and support of higher trophic
levels. Aquat. Conserv. 12:193-212 [doi:10.1002/aqc.490].
139

Fox et al.

Controls on estuarine macrophytes

Domning, D. P. 2001. Sirenians, seagrasses, and Cenozoic ecological change in the Caribbean. Palaeogeogr. Palaeocl.
166:27-50 [doi:10.1016/S0031-0182(00)00200-5].
Doney, S. C., V. J. Fabry, R. A. Feely, and J. A. Kleypas. 2009.
Ocean acidification: The other CO2 problem. Ann. Rev.
Mar. Sci. 1:169-192 [doi:10.1146/annurev.marine.010908.
163834].
Dorenbosch, M., M. C. van Riel, I. Nagelkerken, and G. van
der Velde. 2004. The relationship of reef fish densities to
the proximity of mangrove and seagrass nurseries. Estuar.
Coast. Shelf. Sci. 60:37-48 [doi:10.1016/j.ecss.2003.11.018].
Duarte, C. M. 1992. Nutrient concentration of aquatic plants
- patterns across species. Limnol. Oceanogr. 37:882-889
[doi:10.4319/lo.1992.37.4.0882].
———. 1995. Submerged aquatic vegetation in relation to different nutrient regimes. Ophelia 41:87-112.
———, and J. Cebrián. 1996. The fate of marine autotrophic
production. Limnol. Oceanogr. 41:1758-1766 [doi:10.4319/
lo.1996.41.8.1758].
———, and C. L. Chiscano. 1999. Seagrass biomass and production: a reassessment. Aquat. Bot. 65:159-174
[doi:10.1016/S0304-3770(99)00038-8].
Duffy, J. E., and A. M. Harvilicz. 2001. Species-specific impacts
of grazing, amphipods in an eelgrass-bed community. Mar.
Ecol. Prog. Ser. 223:201-211 [doi:10.3354/meps223201].
———, K. S. Macdonald, J. M. Rhode, and J. D. Parker. 2001.
Grazer diversity, functional redundancy, and productivity
in seagrass beds: An experimental test. Ecology 82:24172434 [doi:10.1890/0012-9658(2001)082[2417:GDFRAP]2.
0.CO;2].
———, J. P. Richardson, and K. E. France. 2005. Ecosystem
consequences of diversity depend on food chain length in
estuarine vegetation. Ecol. Lett. 8:301-309 [doi:10.1111/
j.1461-0248.2005.00725.x].
Edgar, G. J. 1990. Predator–prey interactions in seagrass beds.
I. The influence of macrofaunal abundance and size-structure on the diet and growth of the western rock lobster Panulirus Cygnus George. J. Exp. Mar. Biol. Ecol. 139:1-22
[doi:10.1016/0022-0981(90)90034-A].
Edwards, K., C. A. Pfister, and K. L. Van Alstyne. 2006. Nitrogen content in the brown alga Fucus gardneri and its relation to light, herbivory, and wave exposure. J. Exp. Mar.
Biol. Ecol. 336:99-109 [doi:10.1016/j.jembe.2006.04.013].
Elliott, M., D. Burdon, K. L. Hemingway, and S. E. Apitz. 2007.
Estuarine, coastal and marine ecosystem restoration: Confusing management and science–A revision of concepts.
Estuar. Coast. Shelf. Sci. 74:349-366 [doi:10.1016/j.ecss.
2007.05.034].
Elser, J. J., T. H. Chrzanowski, R. W. Sterner, J. H. Schampel,
and D. K. Foster. 1995. Elemental ratios and the uptake and
release of nutrients by phytoplankton and bacteria in 3
lakes of the Canadian Shield. Microb. Ecol. 29:145-162
[doi:10.1007/BF00167161].
———, P. Frost, M. Kyle, J. Urabe, and T. Andersen. 2002.

Effects of light and nutrients on plankton stoichiometry
and biomass in a P-limited lake. Hydrobiologia 481:101112 [doi:10.1023/A:1021217221004].
———, and others. 2007. Global analysis of nitrogen and
phosphorus limitation of primary producers in freshwater,
marine and terrestrial ecosystems. Ecol. Lett. 10:1135-1142
[doi:10.1111/j.1461-0248.2007.01113.x].
Eriksson, B. K., and others. 2009. Declines in predatory fish
promote bloom-forming macroalgae. Ecol. Appl. 19:19751988 [doi:10.1890/08-0964.1].
Eyre, B. D., and A. J. P. Ferguson. 2002. Comparison of carbon
production and decomposition, benthic nutrient fluxes
and denitrification in seagrass, phytoplankton, benthic
microalgae- and macroalgae-dominated warm-temperate
Australian lagoons. Mar. Ecol. Prog. Ser. 229:43-59
[doi:10.3354/meps229043].
Finke, D. L., and R. F. Denno. 2004. Predator diversity dampens trophic cascades. Nature 429:407-410 [doi:10.1038/
nature02554].
Fong, P., and J. B. Zedler. 1993. Temperature and light effects
on the seasonal succession of algal communities in shallow
coastal ecosystems. J. Exp. Mar. Biol. Ecol. 171:259-272
[doi:10.1016/0022-0981(93)90008-C].
———, K. E. Boyer, J. S. Desmond, and J. B. Zedler. 1996. Salinity stress, nitrogen competition, and facilitation: what controls seasonal succession of two opportunistic green
macroalgae? J. Exp. Mar. Biol. Ecol. 206:203-221
[doi:10.1016/S0022-0981(96)02630-5].
Fox, S. E., E. Stieve, I. Valiela, J. Hauxwell, and J. McClelland.
2008. Macrophyte abundance in Waquoit Bay: Effects of
land-derived nitrogen loads on seasonal and multi-year biomass patterns. Estuar. Coast. 31:532-541 [doi:10.1007/
s12237-008-9039-6].
———, M. Teichberg, Y. S. Olsen, L. Heffner, and I. Valiela.
2009. Restructuring of benthic communities in eutrophic
estuaries: Lower abundance of prey leads to trophic shifts
from omnivory to grazing. Mar. Ecol. Prog. Ser. 380:43-57
[doi:10.3354/meps07917].
———, Y. S. Olsen, and I. Valiela. 2010. Controls acting on
benthic macrophyte communities in a temperate and a
tropical estuary. In M. Kennish and H. Paerl [eds.], Coastal
lagoons: Critical habitats of environmental change. Taylor
and Francis.
———, M. Teichberg, L. Heffner, and I. Valiela. In press. The
relative role of nutrients, grazing, and predation as controls
on macroalgal growth in a temperate estuary. Estuar. Coast.
Frankovich, T. A., and J. C. Zieman. 2005. Periphyton light
transmission relationships in Florida Bay and the Florida
Keys, USA. Aquat. Bot. 83:14-30 [doi:10.1016/j.aquabot.
2005.05.003].
Frost, P. C., and J. J. Elser. 2002. Effects of light and nutrients
on the net accumulation and elemental composition of
epilithon in boreal lakes. Freshw. Biol. 47:173-183
[doi:10.1046/j.1365-2427.2002.00796.x].
140

Fox et al.

Controls on estuarine macrophytes

Gacia, E., T. C. Granata, and C. M. Duarte. 1999. An approach
to the measurement of particle flux and sediment retention
within seagrass (P. oceanica) meadows. Aquat. Bot. 65:255268 [doi:10.1016/S0304-3770(99)00044-3].
Gazeau, F., C. Quiblier, J. M. Jansen, J. Gattuso, J. J. Middleburg, and C. H. R. Heip. 2007. Impact of elevated CO2 on
shellfish calcification. Geophys. Res. Lett. 34:L07603
[doi:10.1029/2006GL028554].
Geertz-Hansen, O., K. Sand-Jensen, K. Hansen, and A. Christiansen. 1993. Growth and grazing control of abundance of
marine macroalgae, Ulva lactuca L. in an eutrophic Danish
estuary. Aquat. Bot. 46:101-109 [doi:10.1016/0304-3770
(93)90039-Y].
Goecker, M. E. and S. E. Kall. 2003. Grazing preferences of
marine isopods and amphipods on three prominent algal
species of the Baltic Sea. J. Sea Res. 50:309-314
[doi:10.1016/j.seares.2003.04.003].
———, K. L. Heck, and J. F. Valentine. 2005. Effects of nitrogen concentrations in turtlegrass Thalassia testudinum on
consumption by the bucktooth parrotfish Sparisoma radians. Mar. Ecol. Prog. Ser. 286:239-248 [doi:10.3354/
meps286239].
Gooding, R. A., C. D. G. Harley, and E. Tang. 2009. Elevated
water temperature and carbon dioxide concentration
increase the growth of a keystone echinoderm. Proc. Nat.
Acad. Sci. U.S.A. 106:9316-9321 [doi:10.1073/pnas.08111
43106].
Grice, A. M., N. R. Loneragan, and W. C. Dennison. 1996.
Light intensity and the interactions between physiology,
morphology and stable isotope ratios in five species of seagrass. J. Exp. Mar. Biol. Ecol. 195:91-110 [doi:10.1016/00220981(95)00096-8].
Gruner, D. S., et al. 2008. A cross-system synthesis of consumer and nutrient resource control on producer biomass.
Ecol. Lett. 11:740-755 [doi:10.1111/j.1461-0248.2008.
01192.x].
Guinotte, J. M., and V. J. Fabry. 2008. Ocean acidification and
its potential effects on marine ecosytems. Ann. N.Y. Acad.
Sci. 1134:320-342 [doi:10.1196/annals.1439.013].
Hall, S. R., V. H. Smith, D. A. Lytle, and M. A. Leibold. 2005.
Constraints on primary producer N:P stoichiometry along
N:P supply ratio gradients. Ecology 86:1894-1904
[doi:10.1890/04-1045].
Halpern, B. S., K. Cottenie, and B. R. Broitman. 2006. Strong
top-down control in Southern California kelp forest ecosystems. Science 312:1230-1232 [doi:10.1126/science.1128613].
Harlin, M. M., B. Thorne-Miller, and J. Boothroyd. 1982. Seagrass-sediment dynamics of a flood-tidal delta in Rhode
Island (USA). Aquat. Bot. 14:127-138 [doi:10.1016/03043770(82)90092-4].
Harley, C. D. G., and others. 2006. The impacts of climate
change in coastal marine systems. Ecol. Lett. 9:228-241
[doi:10.1111/j.1461-0248.2005.00871.x].
Hauxwell, J., J. McClelland, P. J. Behr, and I. Valiela. 1998. Rel-

ative importance of grazing and nutrient controls of
macroalgal biomass in three temperate shallow estuaries.
Estuaries 21:347-360 [doi:10.2307/1352481].
———, J. Cebrián, C. Furlong, and I. Valiela. 2001. Macroalgal
canopies contribute to eelgrass (Zostera marina) decline in
temperate estuarine ecosystems. Ecology 82:1007-1022.
———, ———, and ———. 2003. Eelgrass Zostera marina loss
in temperate estuaries: relationship to land-derived nitrogen loads and effect of light limitation imposed by algae.
Mar. Ecol. Prog. Ser. 247:59-73 [doi:10.3354/meps247059].
Hay, M. E., Q. E. Kappel, and W. Fenical. 1994. Synergisms in
plant defenses against herbivores—interactions of chemistry, calcification, and plant quality. Ecology 75:1714-1726
[doi:10.2307/1939631].
Heck, K. L., and J. F. Valentine 1995. Sea-urchin herbivory—
Evidence for long-lasting effects in subtropical seagrass
meadows. J. Exp. Mar. Biol. Ecol. 189:205-217
[doi:10.1016/0022-0981(95)00012-G].
———, J. R. Pennock, J. F. Valentine, L. D. Coen, and S. A. Sklenar. 2000. Effects of nutrient enrichment and small predator density on seagrass ecosystems: An experimental assessment. Limnol. Oceanogr. 45:1041-1057 [doi:10.4319/
lo.2000.45.5.1041].
———, G. Hays, and R. J. Orth. 2003. Critical evaluation of the
nursery role hypothesis for seagrass meadows. Mar. Ecol.
Prog. Ser. 253:123-136 [doi:10.3354/meps253123].
———, and J. F. Valentine. 2006. Plant-herbivore interactions
in seagrass meadows. J. Exp. Mar. Biol. Ecol. 330:420-436
[doi:10.1016/j.jembe.2005.12.044].
———, J. F. Valentine, J. R. Pennock, G. Chaplin, and P. M.
Spitzer. 2006. Effects of nutrient enrichment and grazing
on shoalgrass Halodule wrightii and its epiphytes: results of
a field experiment. Mar. Ecol. Prog. Ser. 326:145-156
[doi:10.3354/meps326145].
———, and J. F. Valentine. 2007. The primacy of top-down
effects in shallow benthic ecosystems. Estuar. Coast.
30:371-381 [doi:10.1007/BF02819384].
Heckscher, E., J. Hauxwell, E. G. Jimenez, C. Rietsma, and I.
Valiela. 1996. Selectivity by the by the herbivorous amphipod Microdeutopus gryllotalpa among five species of
macroalgae. Biol. Bull. 191:324-326.
Hemmi, A., and V. Jormalainen. 2002. Nutrient enhancement
increases performance of a marine herbivore via quality of
its food alga. Ecology 83:1052-1064 [doi:10.1890/00129658(2002)083[1052:NEIPOA]2.0.CO;2].
Hemminga, M. A. 1998. The root/rhizome system of seagrasses: an asset and a burden. J. Sea Res. 39:183-196
[doi:10.1016/S1385-1101(98)00004-5].
———, P. G. Harrison, and F. van Lent. 1991. The balance of
nutrient losses and gains in seagrass meadows. Mar. Ecol.
Prog. Ser. 71:85-96 [doi:10.3354/meps071085].
Holmer, M. O., C. M. Duarte, H. T. S. Boschker, and C. Barron.
2004. C cycling and bacterial C sources in pristine and
impacted Mediterranean seagrass sediments. Aquat.
141

Fox et al.

Controls on estuarine macrophytes

Microb.Ecol. 36:227-237 [doi:10.3354/ame036227].
———, O. Pedersen, and K. Ikejima. 2006. Sulfur cycling and
sulfide intrusion in mixed Southeast Asian tropical seagrass
meadows. Bot. Mar. 49:91-102 [doi:10.1515/BOT.2006.013].
Howarth, R. W. 1988. Nutrient limitation of net primary production in marine ecosystems. Ann. Rev. Ecol. Syst. 19:89110 [doi:10.1146/annurev.es.19.110188.000513].
Hughes, T. P. 1994. Catastrophes, phase-shifts, and large-scale
degradation of a Caribbean coral reef. Science 265:15471551 [doi:10.1126/science.265.5178.1547].
Hughes, A. R., K. J. Bando, L. F. Rodriguez, and S. L. Williams.
2004. Relative effects of grazers and nutrients on seagrasses:
a meta-analysis approach. Mar. Ecol. Prog. Ser. 282:87-99
[doi:10.3354/meps282087].
IPCC. 2007. Climate change 2007: Synthesis report. Contribution of working groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change [Core writing team, R. K. Pachauri and A. Reisinger
(eds.)]. IPCC.
Jackson, J. B.C., and others. 2001. Historical overfishing and
the recent collapse of coastal ecosystems. Science 293:629638 [doi:10.1126/science.1059199].
Jephson, T., P. Nyström, P. -O. Moksnes, and S. P. Baden. 2008.
Trophic interactions in Zostera marina beds along the
Swedish coast. Mar. Ecol. Prog. Ser. 369:63-76
[doi:10.3354/meps07646].
Jimenez, E. G., J. Hauxwell, and E. Heckscher. 1996. Selection
of nitrogen-enriched macroalgae (Cladophora vagabunda
and Gracilaria tikvahiae) by the herbivorous amphipod
Microdeutopus gryllotalpa. Biol. Bull. 191:323-324.
Kemp, W. M., and others. 2004. Habitat requirements for submerged aquatic vegetation in Chesapeake Bay: Water quality, light regime, and physical-chemical factors. Estuaries
27:363-377 [doi:10.1007/BF02803529].
Koch, M. S., S. Schopmeyer, C. Kyhn-Hansen, and C. J. Madden. 2007. Synergistic effects of high temperature and sulfide on tropical seagrass. J. Exp. Mar. Biol. Ecol. 341:91-101
[doi:10.1016/j.jembe.2006.10.004].
Krause-Jensen, D., P. B. Christensen, and S. Rysgaard. 1999.
Oxygen and nutrient dynamics within mats of the filamentous macroalga Chaetomorpha linum. Estuaries 22:31-38
[doi:10.2307/1352924].
Kristensen, E. 2000. Organic matter diagenesis at the
oxic/anoxic interface in coastal marine sediments, with
emphasis on the role of burrowing animals. Hydrobiologia
426:1-24 [doi:10.1023/A:1003980226194].
———, S. I. Ahmed, and A. H. Devol. 1995. Aerobic and anaerobic decomposition of organic matter in marine sediment:
which is fastest? Limnol. Oceanogr. 40:1430-1437
[doi:10.4319/lo.1995.40.8.1430].
Lapointe, B. E., M. M. Littler, and D. S. Littler. 1992. Nutrient
availability to marine macroalgae in siliciclastic versus carbonate rich coastal waters. Estuaries 15:75-82
[doi:10.2307/1352712].

Levin, L. A., and others. 2009. Effects of natural and humaninduced hypoxia on coastal benthos. Biogeosciences
6:2063-2098 [doi:10.5194/bg-6-2063-2009].
Livingston, R. J., S. E. McGlynn, and X. F. Niu. 1998. Factors
controlling seagrass growth in a gulf coastal system: Water
and sediment quality and light. Aquat. Bot. 60:135-159
[doi:10.1016/S0304-3770(97)00079-X].
Longstaff, B. J., and others. 2002. An in situ study of photosynthetic oxygen exchange and electron transport rate in
the marine macroalga Ulva lactuca (Chlorophyta). Photosyn. Res. 74:281-293 [doi:10.1023/A:1021279627409].
Lopez-Urrutia, A., E. San Martin, R. P. Harris, and X. Irigoien.
2006. Scaling the metabolic balance of the oceans. Proc.
Nat. Acad. Sci. U.S.A. 103:8739-8744 [doi:10.1073/pnas.06
01137103].
Lotze, H. K., and B. Worm. 2000. Variable and complementary
effects of herbivores on different life stages of bloom-forming macroalgae. Mar. Ecol. Prog. Ser. 200:167-175
[doi:10.3354/meps200167].
———, ———, and U. Sommer. 2001. Strong bottom-up and
top-down control of early life stages of macroalgae. Limnol.
Oceanogr. 46:749-757 [doi:10.4319/lo.2001.46.4.0749].
———, and others. 2006. Depletion, degradation, and recovery potential of estuaries and coastal seas. Science
5781:1806-1809 [doi:10.1126/science.1128035].
Lubbers, L., W. R. Boynton, and W. M. Kemp. 1990. Variations
in structure of estuarine fish communities in relation to
abundance of submersed vascular plants. Mar. Ecol. Prog.
Ser. 65:1-14 [doi:10.3354/meps065001].
Lutz, W., W. Sanderson, and S. Scherov. 2001. The end of
world
population
growth.
Nature
412:543-545
[doi:10.1038/35087589].
Madsen, J. D., P. A. Chambers, W. F. James, E. W. Koch, and D.
F. Westlake. 2001. The interaction between water movement, sediment dynamics and submersed macrophytes.
Hydrobiologia 444:71-84 [doi:10.1023/A:1017520800568].
Marbá, N., M. Holmer, E. Gacia, and C. Barrón. 2006. Seagrass
beds and coastal biogeochemistry, p. 135-157. In A. W. D.
Larkum, R. J. Orth, and C. M. Duarte [eds.], Seagrasses: biology, ecology, and conservation. Springer.
Mateo, M. A., J. Cebrián, K. Dunton, and T. Mutchler. 2006.
Carbon flux in seagrass ecosystems, p. 159-192. In A. W. D.
Larkum, R. J. Orth, and C. M. Duarte [eds.], Seagrasses: biology, ecology, and conservation. Springer.
McClelland, J. W., and I. Valiela. 1998. Linking nitrogen in
estuarine producers to land-derived sources. Limnol.
Oceanogr. 43:577-585 [doi:10.4319/lo.1998.43.4.0577].
McGlathery, K. J. 1995. Nutrient and grazing influences on a
subtropical seagrass community. Mar. Ecol. Prog. Ser.
122:239-252 [doi:10.3354/meps122239].
———. 2001. Macroalgal blooms contribute to the decline of
seagrass in nutrient-enriched coastal waters. J. Phycol.
37:453-456 [doi:10.1046/j.1529-8817.2001.037004453.x].
———, R. Marino, and R. W. Howarth. 1994. Variable rates of
142

Fox et al.

Controls on estuarine macrophytes

phosphate uptake by shallow marine carbonate sediments:
Mechanisms and ecological significance. Biogeochemistry
25:127-146 [doi:10.1007/BF00000882].
———, K. Sundback, and I. C. Anderson. 2007. Eutrophication
in shallow coastal bays and lagoons: the role of plants in
the coastal filter. Mar. Ecol. Prog. Ser. 348:1-18
[doi:10.3354/meps07132].
[MEA] Millennium ecosystem assessment. 2005. Ecosystems
and human well-being: synthesis. Island press.
Meyer-Reil, L. A., and M. Koster. 2000. Entrophication of
marine waters: Effects on benthic microbial communities.
Mar. Poll. Bull. 41:255-263 [doi:10.1016/S0025-326X(00)
00114-4].
Moksnes, P. -O., M. Gullstrom, K. Tryman, and S. Baden. 2008.
Trophic cascades in a temperate seagrass community. Oikos
117:763-777 [doi:10.1111/j.0030-1299.2008.16521.x].
Moore, K. A., H. A. Neckles, and R. J. Orth. 1996. Zostera
marina (eelgrass) growth and survival along a gradient of
nutrients and turbidity in the lower Chesapeake Bay. Mar.
Ecol. Prog. Ser. 142:247-259 [doi:10.3354/meps142247].
Morand, P., and M. Merceron. 2005. Macroalgal population
and sustainability. J. Coast. Res. 21:1009-1020
[doi:10.2112/04-700A.1].
Mumby, P. J., and others. 2006. Fishing, trophic cascades, and
the process of grazing on coral reefs. Science 5757:98-101
[doi:10.1126/science.1121129].
Myers, R. A., and B. Worm. 2003. Rapid worldwide depletion
of predatory fish communities. Nature 423:280-283
[doi:10.1038/nature01610].
Nagelkerken, I., and others. 2002. How important are mangroves and seagrass beds for coral-reef fish? The nursery
hypothesis tested on an island scale. Mar. Ecol. Prog. Ser.
244:299-305 [doi:10.3354/meps244299].
———, and others. 2008. The habitat function of mangroves
for terrestrial and marine fauna: A review. Aquat. Bot.
89:155-185 [doi:10.1016/j.aquabot.2007.12.007].
Neckles, H. A., R. L. Wetzel, and R. J. Orth. 1993. Relative
effects of nutrient enrichment and grazing on epiphytemacrophyte (Zostera marina L.) dynamics. Oecologia
93:285-295 [doi:10.1007/BF00317683].
Nixon, S. W., and M. E. Q. Pilson. 1983. Nitrogen in estuarine
and coastal marine ecosystems, p. 565-648. In E. J. Carpenter and D. G. Capone [eds.], Nitrogen in the marine environment. Academic Press.
———, and B. A. Buckley. 2002. “A strikingly rich zone”—
Nutrient enrichment and secondary production in coastal
marine
ecosystems.
Estuar.
Coasts
25:782-796
[doi:10.1007/BF02804905].
———, S. Granger, B. A. Buckley, M. Lamont, and B. Rowell.
2004. A one hundred and seventeen year coastal water temperature record from Woods Hole, Massachusetts. Estuar.
Coasts 27:397-404 [doi:10.1007/BF02803532].
Occhipinti-Ambrogi, A. 2007. Global change and marine communities: Alien species and climate change. Mar. Poll. Bull.

55:342-352 [doi:10.1016/j.marpolbul.2006.11.014].
O’Connor, M. I., M. F. Piehler, D. M. Leech, A. Anton, and J. F.
Bruno. 2009. Warming and resource availability shift food
web structure and metabolism. PLoS Biol. 7:e1000178
[doi:10.1371/journal.pbio.1000178].
Oesterling, M., and L. Pihl. 2001. Effects of filamentous green
macroalgal mats on benthic macrofaunal functional feeding groups. J. Exp. Mar. Biol. Ecol. 263:159-183
[doi:10.1016/S0022-0981(01)00304-5].
Olsen, Y. S., S. E. Fox, M. Teichberg, M. Otter, and I. Valiela. In
press. d15N and d13C reveal differences in consumer diets in
response to relative abundances of macroalgae and eelgrass
Mar. Ecol. Prog. Ser. [doi:10.3354/meps08900].
———, and I. Valiela. 2010. Effects of sediment nutrient
enrichment and grazing on Thalassia testudinum in Jobos
Bay, PR. Estuar. Coasts 33:769-783 [doi:10.1007/s12237009-9256-7].
Orr, J. C., and others. 2005. Anthropogenic ocean acidification
over the 21st century and its impact on calcifying organisms. Nature 437:681-686 [doi:10.1038/nature04095].
Orth, R. J., and J. V. van Montfrans. 1984. Epiphyte–seagrass
relationships with an emphasis on the role of micrograzing:
A review. Aquat. Bot. 18:43-69 [doi:10.1016/0304-3770(84)
90080-9].
———, and others. 2006. A global crisis for seagrass ecosystems. Bioscience 56:987-996 [doi:10.1641/0006-3568(2006)
56[987:AGCFSE]2.0.CO;2].
Oviatt, C. A. 2004. The changing ecology of temperate coastal
waters during a warming trend. Estuaries 27:895-904
[doi:10.1007/BF02803416].
———, P. Doering, B. Nowicki, L. Reed, J. Cole, and J. Frithsen.
1995. An ecosystem level experiment on nutrient limitation in temperate coastal marine environments. Mar. Ecol.
Prog. Ser. 116:171-179 [doi:10.3354/meps116171].
Pandolfi, J. M., and others. 2003. Global trajectories of the
long-term decline of coral reef ecosystems. Science
5635:955-958 [doi:10.1126/science.1085706].
Parkyn, S. M., K. J. Collier, and B. J. Hicks. 2001. New Zealand
stream crayfish: functional omnivores but trophic predators? Freshw. Biol. 46:641-652 [doi:10.1046/j.1365-2427.
2001.00702.x].
Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change impacts across natural systems.
Nature 421:37-42 [doi:10.1038/nature01286].
Peckol, P., and J. S. Rivers. 1995. Contribution by macroalgal
mats to primary production of a shallow embayment under
high and low nitrogen-loading rates. Estuar. Coast. Shelf.
Sci. 43:311-325 [doi:10.1006/ecss.1996.0072].
Pedersen, M. F., and J. Borum. 1996. Nutrient control of algal
growth in estuarine waters: Nutrient limitation and the
importance of nitrogen requirements and nitrogen storage
among phytoplankton and species of macroalgae. Mar.
Ecol. Prog. Ser. 142:261-272 [doi:10.3354/meps142261].
Persson, M., S. Andersson, S. Baden, and P. -O. Moksnes. 2008.
143

Fox et al.

Controls on estuarine macrophytes

Trophic role of the omnivorous grass shrimp Palaemon elegans in a Swedish eelgrass system. Mar. Ecol. Prog. Ser.
371:203-212 [doi:10.3354/meps07674].
Plus, M., I. Aubya, M. Verlaqueb, and G. Levavasseurc. 2005.
Seasonal variations in photosynthetic irradiance response
curves of macrophytes from a Mediterranean coastal
lagoon. Aquat. Bot. 81:157-173 [doi:10.1016/j.aquabot.
2004.10.004].
Portner, H. O., M. Langenbuch, and A. Reipschlager. 2004. Biological impact of elevated ocean CO2 concentrations: lessons from animal physiology and earth history. J.
Oceanogr. 60:705-718 [doi:10.1007/s10872-004-5763-0].
Preen, A. 1995. Impacts of dugong foraging on seagrass habitats—Observational and experimental evidence for cultivation grazing. Mar. Ecol. Prog. Ser. 124:201-213
[doi:10.3354/meps124201].
Rabalais, N. N., R. E. Turner, R. J. Diaz, and D. Justic. 2009.
Global change and eutrophication of coastal waters. ICES J.
Mar. Sci. 66:1528-1537 [doi:10.1093/icesjms/fsp047].
Raffaelli, D. G., J. A. Raven, and L. J. Poole. 1998. Ecological
impact of green macroalgal blooms. Oceanogr. Mar. Biol.
36:97-125.
Risgaard-Petersen, N., T. Dalsgaard, S. Rysgaard, P. Christensen, J. Borum, K. McGlathery, and L. Nielsen. 1998.
Nitrogen balance of a temperate eelgrass Zostera marina
bed. Mar. Ecol. Prog. Ser. 174:281-291 [doi:10.3354/
meps174281].
Romero, J., K.-S. Lee, M. Pérez, M. A. Mateo, and T. Alcoverro.
2006. Nutrient dynamics in sesagrass ecosystems, p. 227254. In A. W. D. Larkum, R. J. Orth, and C. M. Duarte [eds.],
Seagrasses: biology, ecology and conservation. Springer.
Ruiz, J. M., M. Perez, and J. Romero. 2001. Effects of fish farm
loadings on seagrass (Posidonia oceanica) distribution,
growth and photosynthesis. Mar. Poll. Bull. 42:749-760
[doi:10.1016/S0025-326X(00)00215-0].
Ruiz-Jaen, M. C., and T. M. Aide. 2005. Restoration success:
how is it being measured? Restor. Ecol. 13:569-577
[doi:10.1111/j.1526-100X.2005.00072.x].
Saenger, C., T. M. Cronin, D. Willard, J. Halka, and R. Kerhin.
2008. Increased terrestrial to ocean sediment and carbon
fluxes in the northern Chesapeake Bay associated with
twentieth century land alteration. Estuar. Coasts 31:492500 [doi:10.1007/s12237-008-9048-5].
Sanford, L. P. 1994. Wave-forced resuspension of upper Chesapeake Bay muds. Estuaries 17:148-165 [doi:10.2307/
1352564].
Schoellhamer, D. H. 1996. Anthropogenic sediment resuspension mechanisms in a shallow microtidal estuary. Estuar.
Coast. Shelf. Sci. 43:533-548 [doi:10.1006/ecss.1996.0086].
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 [doi:10.2307/1352394].
———, and A. Marcomini. 1994. Gross primary production
and nutrient behaviour in a shallow coastal environment.

Biores. Technol. 47:59-66 [doi:10.1016/0960-8524(94)
90029-9].
Short, F. T., D. M. Burdick, and J. E. Kaldy. 1995. Mesocosm
experiments quantify the effects of eutrophication on Eelgrass, Zostera marina. Limnol. Oceanogr. 40:740-749
[doi:10.4319/lo.1995.40.4.0740].
———, and H. A. Neckles. 1999. The effects of global climate
change on seagrasses. Aquat. Bot. 63:169-196
[doi:10.1016/S0304-3770(98)00117-X].
———, and S. Wyllie-Echeverria. 2000. Global seagrass
declines and effects of climate change, p 10-11. In C. Sheppard [Ed], Seas at the millennium: An environmental evaluation, Vol 3. Elsevier Science.
Spivak, A. C., E. A. Canuel, J. E. Duffy, and J. P. Richardson.
2007. Top-down and bottom-up controls on sediment
organic matter composition in an experimental seagrass
ecosystem. Limnol. Oceanogr. 52:2595-2607 [doi:10.4319/
lo.2007.52.6.2595].
———, E. A. Canuel, J. E. Duffy, and J. P. Richardson. 2009a.
Nutrient enrichment and food web composition affect
ecosystem metabolism in an experimental seagrass habitat.
PLoS ONE <http://dx.plos.org/10.1371/journal.pone.0007
473>.
———, ———, ———, J. G. Douglass, and J. P. Richardson.
2009b. Epifaunal community composition and nutrient
addition alter sediment organic matter composition in a
natural eelgrass Zostera marina bed: a field experiment. Mar.
Ecol. Prog. Ser. 376:55-67 [doi:10.3354/meps07813].
Stachowicz, J. J., J. R. Terwin, R. B. Whitlatch, and R. W.
Osman. 2002. Linking climate change and biological invasions: Ocean warming facilitates nonindigenous species
invasions. Proc. Nat. Acad. Sci. 99:15497-15500
[doi:10.1073/pnas.242437499].
Steen, H. 2004. Interspecific competition between Enteromorpha (Ulvales: Chlorophyceae) and Fucus (Fucales: Phaeophyceae) germlings: effects of nutrient concentration, temperature, and settlement density. Mar. Ecol. Prog. Ser.
278:89-101 [doi:10.3354/meps278089].
Sterner, R. W., J. J. Elser, E. J. Fee, S. J. Guildford, and T. H.
Chrzanowski. 1997. The light: nutrient ratio in lakes: the
balance of energy and materials affects ecosystem structure
and process. Am. Nat. 150:663-684 [doi:10.1086/286088].
Taylor, D. I., S. W. Nixon, S. L. Granger, and B. A. Buckley.
1999. Responses of coastal lagoon plant communities to
levels of nutrient enrichment: A mesocosm study. Estuaries
22:1041-1056 [doi:10.2307/1353082].
Teichberg, M., L. Heffner, S. E. Fox, and I. Valiela. 2007. Nitrate
reductase and glutamine synthetase activity, internal N
pools, and growth of Ulva lactuca: Responses to long- and
short-term N supply. Mar. Biol. 151:1249-1259
[doi:10.1007/s00227-006-0561-4].
———, S. E. Fox, C. Aguila, Y. S. Olsen, and I. Valiela. 2008.
Macroalgal responses to experimental nutrient enrichment
in shallow coastal waters: Growth, internal nutrient pools,
144

Fox et al.

Controls on estuarine macrophytes

and isotopic signatures. Mar. Ecol. Prog. Ser. 368:117-126
[doi:10.3354/meps07564].
———, and others. 2009. Eutrophication and macroalgal
blooms in temperate and tropical waters: Nutrient enrichment experiments with Ulva spp. Glob. Change Biol.
16(9):2624-2637 [doi: 10.1111/j.1365-2486.2009.02108.x].
Tewfik, A., J. B. Rasmussen, and K. S. McCann. 2005. Anthropogenic enrichment alters a marine benthic food web. Ecology 86:2726-2736 [doi:10.1890/04-1537].
Tilman, D. 1988. Plant strategies and the dynamics and structure of plant communities. Monographs in population biology. Princeton Univ. Press.
Toth, G. B., and H. Pavia. 2007. Induced herbivore resistance
in seaweeds: A meta-analysis. J. Ecol. 95:425-434
[doi:10.1111/j.1365-2745.2007.01224.x].
Tsai, C., J. Chang, F. Shea, Y. Shyu, A. Y. Yu, S. Wong, C. Dai,
and T. Lee. 2005. Seasonal growth dynamics of Laurencia
papillosa and Gracilaria coronopifolia from a highly
eutrophic reef in southern Taiwan: Temperature limitation
and nutrient availability. J. Exp. Mar. Biol. Ecol. 315:49-69
[doi:10.1016/j.jembe.2004.08.025].
Urabe, J., J. Togari, and J. J. Elser. 2003. Stoichiometric impacts
of increased carbon dioxide on a planktonic herbivore.
Glob. Change Biol. 9:818-825 [doi:10.1046/j.1365-2486.
2003.00634.x].
Valentine, J. F., and K. L. Heck. 1999. Seagrass herbivory: Evidence for the continued grazing of marine grasses. Mar.
Ecol. Prog. Ser. 176:291-302 [doi:10.3354/meps176291].
———, and J. E. Duffy. 2006. The central role of grazing in seagrass ecology, p. 463-501. In A. W. D. Larkum, R. J. Orth,
and C. M. Duarte [eds.], Seagrasses: biology, ecology, and
conservation. Springer.
———, and others. 2007. Food web interactions along seagrass-coral reef boundaries: effects of piscivore reductions
on cross-habitat energy exchange. Mar. Ecol. Prog. Ser.
333:37-50 [doi:10.3354/meps333037].
Valiela, I. 1983. Nitrogen in salt marsh ecosystems, p.649-678.
In E. J. Carpenter and D. G. Capone [eds]. Nitrogen in the
marine environment. Academic Press.
———. 2006. Global coastal change. Blackwell Publishing.
———, and others. 1992. Couplings of watersheds and coastal
waters: Sources and consequences of nutrient enrichment
in Waquoit Bay, Massachusetts. Estuaries 15:443-457
[doi:10.2307/1352389].
———, J. McClelland, J. Hauxwell, P. J. Behr, D. Hersh, and K.
Foreman. 1997. Macroalgal blooms in shallow estuaries:

Controls and ecophysiological and ecosystem consequences. Limnol. Oceanogr. 42:1105-1118 [doi:10.4319/
lo.1997.42.5_part_2.1105].
———, M. Geist, J. McClelland, and G. Tomasky. 2000. Nitrogen loading from watersheds to estuaries: Verification of
the Waquoit Bay Nitrogen Loading Model. Biogeochemistry 49:277-293 [doi:10.1023/A:1006345024374].
———, and M. L. Cole. 2002. Comparative evidence that salt
marshes and mangroves may protect seagrass meadows
from land-derived nitrogen loads. Ecosystems 5:92-102
[doi:10.1007/s10021-001-0058-4].
Van de Waal, D. B., A. M. Verschoor, J. M. H. Verspagen, E. van
Donk, and J. Huisman. 2010. Climate-driven changes in
the ecological stoichiometry of aquatic ecosystems. Front.
Ecol. Environ. 8:145-152 [doi:10.1890/080178].
Vaquer-Sunyer, R., and C. M. Duarte. 2008. Thresholds of
hypoxia for marine biodiversity. Proc. Nat. Acad. Sci. U.S.A.
105:15452-15457 [doi:10.1073/pnas.0803833105].
Ware, D. M., and R. E. Thomson. 2005. Bottom-up ecosystem
trophic dynamics determine fish production in northeast
Pacific. Science 308:1280-1284.
Warwick, R. M., J. T. Davey, J. M. Gee, and C. L. George. 1982.
Faunistic control of Enteromorpha blooms: A field experiment. J. Exp. Mar. Biol. Ecol. 56:23-31 [doi:10.1016/00220981(81)90005-8].
Williams, T. M., J. A. Estes, D. F. Doak, and A. M. Springer.
2004. Killer appetites: Assessing the role of predators in ecological communities. Ecology 85:3373-3384 [doi:10.1890/
03-0696].
Wootton, J. T. 1995. Effects of birds on sea urchins and algae:
A lower-intertidal trophic cascade. Ecoscience 2:321-328.
Worm, B., and A. R. O. Chapman. 1996. Interference competition among two intertidal seaweeds: Chondrus crispus
strongly affects survival of Fucus evanescens recruits. Mar.
Ecol. Prog. Ser. 145:297-308 [doi:10.3354/meps145297].
———, and H. K. Lotze. 2006. Effects of eutrophication, grazing, and algal blooms on rocky shores. Limnol. Oceanogr.
51:569-579 [doi:10.4319/lo.2006.51.1_part_2.0569].
Yang, S. L., Z. Shi, H. Y. Zhao, P. Li, S. B. Dai, and A. Gao. 2004.
Effects of human activities on the Yangtze River suspended
sediment flux into the estuary in the last century. Hydrol.
Earth Syst. Sci. 8:1210-1216 [doi:10.5194/hess-8-12102004].
Yates, J. L., and P. Peckol. 1993. Effects of nutrient availability
and herbivory on polyphenolics in the seaweed Fucus
vesiculosus. Ecology 74:1757-1766 [doi:10.2307/1939934].

145

