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Abstract Significant progress has been made recently towards
a better understanding of the nature, causes, and consequences
of anthropogenic eutrophication of shallow coastal systems. It
is well established that, in pristine systems dominated by
seagrasses, incipient to moderate eutrophication often leads to
the replacement of seagrasses by phytoplankton and loose
macroalgal mats as the dominant producers. However, less is
known about the interactions between phytoplankton and loose
macroalgae at intense eutrophication. Using a combination of
original research and literature data, we provide support for the
hypothesis that substantial macroalgal decline may occur at
intense eutrophication due to severe water column shading.
Our results suggest that such declines may be widespread.
However, we also show that intense eutrophication is not
always necessarily conducive to severe water column shading
and large macroalgal declines, possibly due to short water
residence time and/or elevated grazing on phytoplankton.
Furthermore, we provide support to the hypothesis that the
occurrence of hypoxic/anoxic conditions in eutrophication-
driven shifts in dominant primary producer assemblages influ-
ences the nature and extent of functional change in the system.
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Focusing on the macroalgal blooms and seagrass decline that
often occur at incipient/moderate eutrophication, we show the
blooms have a positive effect on epifaunal abundance under
well-oxygenated conditions, but a negative effect if pervasive
anoxic/hypoxic conditions develop with the bloom. These
findings provide support to prior suggestions that secondary
productivity in shallow coastal systems may increase as
seagrasses get replaced by loose macroalgal stands if the stands
remain well oxygenated. In concert, our results contribute to an
improvement of our current model of eutrophication of shallow
coastal systems and suggest that further effort should be put on
ascertaining the mechanisms that may prevent severe water
column shading and large macroalgal decline at intense eutro-
phication, as well as thorough documentation of the impacts of
anoxic/hypoxic conditions on system functionality at different
stages of eutrophication.

Keywords Eutrophication - Seagrasses - Macroalgae -
Phytoplankton - Anoxia - Ecosystem

Introduction

Eutrophication of coastal waters is recognized as one of the
most widespread, pervasive impacts of the anthropogenic
development and exploitation of coastal watersheds (Cloern
2001; Cole et al. 2006; Teichberg et al. 2010). About 23 % of
the global human population lived within 100 km from the
coastline by 1990 (Nicholls and Small 2002). As humans
occupy coastal watersheds, they profoundly transform the
landscape by replacing native forests and marshlands with
developed land including roads, parking lots, residences,
farms, and amenity resorts such as golf courses. Inevitably,
such conversion entails higher nutrient loads into receiving
coastal waters through altered flow regimes and nutrient con-
centrations in runoff, groundwater, and point sources (Bricker
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et al. 2008). This problem has generated an impressive wealth
of research over the past decades (Valiecla 2006).

It is well documented that, in pristine shallow systems popu-
lated with seagrass beds, increased nutrient loads often lead to the
overgrowth of algal producers to the detriment of the seagrass
beds (Valiela et al. 1997; Hauxwell and Valiela 2004; Burkholder
et al. 2007). These eutrophication-fueled algal producers de-
scribed to inflict detrimental impacts on seagrasses include phy-
toplankton, epiphytes, and loose macroalgae (i.e., fast-growing
filamentous or laminate genera such as Ulva, Enteromorpha,
Cladophora, Gracilaria, Ectocarpus/Pilayella). The understand-
ing as to why these algal producers overgrow and decimate
seagrass beds is well developed. Phytoplankton, epiphytes, and
loose macroalgae normally feature higher nutrient uptake rates
than do seagrasses (lizumi and Hattori 1982; Pedersen and
Borum 1996, 1997; Pedersen et al. 2010), and thus, the algal
producers readily take additional nutrients and build up biomass
as nutrient availability increases. High biomass accumulations of
these algal producers may exert a number of detrimental effects
on seagrasses including intense light limitation, competition for
dissolved inorganic carbon, anoxic/hypoxic conditions in the
water column and within algal canopies, exacerbated anoxia in
the sediment, and harmful biogeochemical conditions (Hauxwell
etal. 2001, 2003; Liu et al. 2005; Burkholder et al. 2007; Holmer
and Nielsen 2007; Rasmussen et al. 2012; Mvungi et al. 2012).
As these deleterious impacts take hold, seagrasses decline and
may eventually disappear.

At any rate, the response of algal producers to nutrient
over-enrichment and resulting impacts on seagrasses is far
from simple. Algal producers do not always increase in a clear
quantitatively predictable way with increased nutrient loading
since factors other than nutrient availability also control algal
abundance. For instance, grazers may exert substantial pres-
sure on epiphytes, thereby largely palliating increases of epi-
phyte biomass and negative cascading impacts on seagrasses
under increased nutrient loading (Heck et al. 2000, 2006;
Hughes et al. 2004; Cebrian et al. 2013). The response of
loose macroalgal stands to increased nutrient loading can also
be quite variable. Environmental factors such as temperature,
salinity, sediment resuspension and water clarity, protection to
wave exposure, and grazing can profoundly modify the re-
sponse of loose macroalgae to increased nutrient availability
(e.g., Collado-Vides et al. 2007; Engelsen et al. 2010; Hessing-
Lewis et al. 2011; Paalme et al. 2011; Pinon-Gimate et al.
2012). Similarly, several factors may curtail phytoplankton
biomass accumulation in shallow coastal systems following
increased nutrient delivery. Recent experiments have added
renewed evidence to the notion that intense grazing by filter
feeders may, by removing large quantities of phytoplankton
biomass, help maintain adequate levels of water clarity and
healthy seagrass populations in nutrient-enriched conditions
(Bruschetti et al. 2008; Xu et al. 2010; Wall et al. 2011).
Another important factor that can regulate the extent of

phytoplankton biomass accumulation under eutrophic condi-
tions is water residence time, since phytoplankton will not have
time to develop large standing stocks in shallow coastal waters
if the rate at which those waters are advected out to the open
ocean (i.e., flushing rate) is much faster than the generation rate
of the phytoplankton population (Valiela et al. 2000a; Oberg
2005; Xu et al. 2010).

These complex responses of epiphytes, loose macroalgae,
and phytoplankton to anthropogenic nutrient enrichment and
resulting impacts (or lack of) on seagrass abundance in shal-
low coastal systems are well represented in our current under-
standing and conceptual model of coastal eutrophication, as it
has been recently reviewed by Burkholder et al. (2007) and
McGlathery et al. (2007). With incipient to moderate eutro-
phication of seagrass-dominated pristine shallow coastal sys-
tems, epiphytes, loose macroalgae, and phytoplankton may
accumulate to different degrees depending on a variety of
environmental and biotic factors and cause corresponding
impacts on the seagrasses. However, we know much less
about the interactions that occur between phytoplankton and
loose macroalgae at intense levels of eutrophication in shallow
coastal systems. When both loose macroalgae and phyto-
plankton accumulate and cause seagrass decline following
nutrient enrichment of pristine shallow sites, several authors
have postulated that, as nutrient enrichment increases further
and reaches intense levels, phytoplankton would accumulate
to higher levels, thereby building large standing stocks that
would impose severe shading and lead to the decline of the
loose macroalgae underneath (Valiela et al. 1997, 2000a;
McGlathery et al. 2007). There exists some evidence that
supports this hypothesis. In a comparison of 27 coastal sites
in Denmark, Nielsen et al. (2002) found strong correlations
between water nitrogen concentration, water turbidity, and the
depth limit of macroalgal and seagrass distribution, with
higher nutrient concentrations associated with more turbid
waters and shallower depth limits. Similarly, in a series of
papers, Krause-Jensen et al. found reduced macroalgal abun-
dance at a fixed depth range with higher eutrophication inten-
sity and more turbid waters across Danish coastal sites
(Krause-Jensen et al. 2007a, b), a pattern that also occurred
in other locations (Krause-Jensen et al. 2008). Other works
also provide support that intense increases in water turbidity
due to environmental degradation may cause large macroalgal
declines (Trimmer et al. 2000; Shepherd et al. 2009; Rinne
et al. 2011). Generating new evidence that intense eutrophi-
cation in shallow coastal systems can lead to the demise of
loose macroalgae due to severe shading by phytoplankton will
help improve our current conceptual model of the nature,
patterns, and consequences of anthropogenic eutrophication
in these systems. This is the first goal of this paper.

As the second goal of this paper, we intend to further
contribute to our current conceptual model of eutrophication
by providing new evidence that the occurrence of hypoxic/
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anoxic conditions in eutrophication-driven shifts in producer
assemblages may condition functional change in the system.
We focus on the loose macroalgal canopies that may form in
seagrass beds under eutrophied conditions. Drastically re-
duced water renewal and high organic matter accumulation
occurs within thick and stagnant canopies, which causes se-
vere oxygen depletion and high concentrations of toxic re-
duced compounds such as sulfides and ammonium within the
canopy and sediment underneath (Hauxwell et al. 2001, 2003;
Burkholder et al. 2007). These adverse biogeochemical con-
ditions may also extend into the water column above the
canopy during calm, hot summer nights in shallow estuaries
(Sfriso et al. 1992; D’ Avanzo and Kremer 1994). Under these
conditions, high mortality and large reductions of the infaunal
and epifaunal invertebrate communities in relation to pre-
macroalgal blooms levels have been reported (Hauxwell
et al. 1998; Franz and Friedman 2002; Gray et al. 2002;
Arroyo et al. 2012).

However, some macroalgal canopies do not stay stagnant,
but frequently roll over due to the action of waves and currents
(i.e., rolling macroalgal mats; Norkko et al. 2000; Osterling
and Pihl 2001; Rasmussen et al. 2013). Some other times,
despite restricted movement, the canopies are quite lax,
depending on the morphology, architecture, and degree of
entanglement of the forming macroalgae (Hessing-Lewis
et al. 2011; Rasmussen et al. 2012). Under these conditions,
one could expect well-oxygenated macroalgal canopies and,
possibly, little detrimental impact (or perhaps a total lack of)
on infaunal and epifaunal invertebrate communities.
Published reports on macroalgal-seagrass interactions suggest
this may well be the case. For instance, ulvoid additions twice
the level of ambient canopies did not have a detrimental
impact on the abundance of eelgrass (Zostera marina) in the
marine reaches of Coos Bay, Oregon (Hessing-Lewis et al.
2011), and the authors attributed this to the observation that
the increased ulvoid canopies were still sufficiently lax and
seemingly did not create deleterious oxygen and light condi-
tions. Similarly, Hoffle et al. (2011) observed little effect of
canopies of the coarsely branched red macroalga Gracilaria
vermiculophylla on eelgrass performance, and they attributed
their findings to the lax morphology of these canopies (“open-
ly structured mat,” as coined by the authors) compared to the
tighter packing found in dense mats of fine filamentous or
sheet-like macroalgae, although the short duration of their
experiments (i.e., 3 weeks) could also help explain the lack
of detrimental impacts. Here we test the hypotheses that
stagnant canopies tend to have negative impacts on epifaunal
communities, whereas drifting canopies do not.

We pursue the two goals by using a combination of original
field work and novel analyses done with information culled
from the literature. The results help implement our current
understanding and conceptual model of anthropogenic eutro-
phication of shallow coastal systems by (1) providing

@ Springer

evidence that intense eutrophication may cause macroalgal
decline via severe water column shading and (2) the impacts
of nutrient-fuelled macroalgal canopies on epifaunal commu-
nities depend on the degree of motility of the canopy (stagnant
versus drifting).

Materials and Methods

Interactions Between Loose Macroalgae and Phytoplankton
Under Intense Levels of Eutrophication

We used a dual approach combining original data from a
comparative field study among estuaries in Cape Cod
(Massachusetts) and analyses of data obtained from literature
surveys. The field study examines whether trends exist be-
tween the intensity of eutrophication, the degree of light
attenuation, and loose macroalgal abundance across the estu-
aries compared that are consistent with the hypothesis that
intense eutrophication may lead to macroalgal decline due to
severe water column shading. We complement this field study
with two analyses of literature data. First, we synthesize
information from mesocosm studies to investigate whether
experimental large increases in nutrient loading lead to
macroalgal declines due to intense shading by the water
column. Second, we compile data from a number of shallow
coastal systems worldwide to examine whether a positive
association exists between nutrient loading rates and
macroalgal abundance at incipient and moderate eutrophica-
tion when light availability remains adequate, but the associ-
ation disappears at high eutrophication intensity due to intense
water column shading.

Field Comparison Among Estuaries in Southwest Cape Cod
(Massachusetts)

We sampled seven estuaries in southwestern Cape Cod
(Massachusetts, USA; Fig. 1). The estuaries differ largely in
the extent of human development in the estuarine watershed
(Valiela et al. 2000Db). Estuaries that differ largely in watershed
human occupation are likely to differ in the loading rate of
nutrients from the watershed into the estuarine waters as well
as in the concentrations of nutrients in the estuarine water
column, with more developed estuaries having higher loading
rates and concentrations (Boynton et al. 1996). For estuaries in
Southwest Cape Cod, the relationship between larger water-
shed occupation and higher water column nutrient concentra-
tions mostly applies to dissolved inorganic nitrogen and not to
dissolved organic nitrogen since undeveloped estuaries may
have higher loads and concentrations of dissolved organic
nitrogen than developed estuaries (Valiela et al. 2000a).
Valiela et al. (2004) found a strong positive association be-
tween watershed development, nitrogen loading rates, and
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water column concentrations of dissolved inorganic nitrogen
across seven estuaries in Southwest Cape Cod, with two of
those estuaries being included in this study (Childs River and
Quashnet River). Based on our knowledge of the estuaries in
this region, we chose to measure water column nitrate con-
centration to characterize the differences in nitrogen loading
due to watershed development among the estuaries studied
here. More largely developed estuaries showed higher nitrate
concentrations (Table 1), indicating that water column nitrate
concentration is in this case an adequate proxy for the intensity
of anthropogenic eutrophication.

Table 1 Hydrographic conditions in the sub-estuaries studied

Sampling was carried out in August 1999, when phyto-
plankton and macroalgae typically display high levels of
abundance in Cape Cod estuaries (Hauxwell et al. 1998;
Tomasky et al. 1999; Fox et al. 2008). In each estuary, six
sampling stations were randomly distributed throughout the
saline reaches in an effort to minimize the impacts of varying
salinity on our results. At each station, we measured the depth
of the water column using a labeled lead line and oxygen
concentrations, salinity, and temperature at the surface and
bottom using a hand-held YSI (Model 85). We sampled
macroalgae with a 15x15-cm? Ekman grab attached to a

Estuary Nitrate concentration (uM) Depth (cm) Dissolved oxygen (mg L") Temperature (°C) Salinity (ppt)
Range Mean+ SE  Range Mean+SE Range Mean + SE ~ Range Mean + SE  Range Mean + SE

Timms Pond 0.00-1.40  0.16+0.12 80-135 114.0+599  7.9-8.6 8.10£0.08  25.9-26.4 262+0.06 24.4-29.5 28.4+0.61
Pinquickset Bay 0.00-0.52  0.37+0.05 15-35 2334227 5.0-65 5.70+£0.17  20.9-23.6 22.5+0.28 20.0-26.0 22.8+0.75
Childs River 0.05-1.98  0.72+0.40 70-135 89.2+11.08 6.6-8.0 7.43+£024 254264 259+0.15 23.3-27.4 26.0+0.73
Quashnet River 0.00-3.79  1.09+0.40 50-90 76.7+4.44  5.0-6.8 5.80£023 24.7-274 25.6+0.31 19.3-24.7 23.1+0.67
Shoestring Bay  0.65-3.05  2.28+0.32 85-110 99.24293  8.2-10.8 9.32+£0.27 24.6-25.7 25.0+0.15 20.0-25.0 22.2+0.67
Mashpee River 0.47-10.73  6.13+1.05 50-110 75.846.35  7.1-8.4 7.92+£0.15 22.1-25.5 23.7+046 10.0-30.0 17.0+2.44
Perch Pond 4.01-1638 7.71£0.97 100200 150.8£10.97 10.5-13.0  11.90+£0.27  25.0-27.2 26.0+0.23 18.0-21.0 19.8+0.44
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2-m-long pole at four points around each station, for a total of
24 macroalgal samples per estuary. The samples were put on
ice and brought back to the laboratory, where the algae were
rinsed through a 2-mm mesh sieve, sorted out, and dried at
80 °C. Macroalgal biomass was expressed as gram dry weight
per square meter.

At each station, we took duplicate samples for the determi-
nation of water column nitrate concentrations. These samples
were collected in acid-washed bottles and kept on ice during
transportation to the laboratory. Upon arrival, the samples
were filtered through 47-mm-diameter GF/F (0.7 um) filters
and the filtrate frozen until analysis. Nitrate concentration was
measured with a Quick Chem AE autoanalyzer (LACHAT
Instruments) using standard colorimetric methods (Strickland
and Parsons 1972). We also measured the light extinction
coefficient throughout the water column at each station. In
Timms Pond, Childs River, Quashnet River, and Pinquickset
Bay, we used a LI-COR 1000 data logger with a submersible
quantum sensor. Light intensity was measured just underneath
the water surface and every 10 cm throughout the water
column. Duplicate light profiles were taken at each station
for a total of 12 per estuary. For each profile, the light extinc-
tion coefficient (z) was derived as the slope of the Beer—
Lambert's equation fitted to the data:

Natural logarithm(7, /1) = ¢ — (k x z) (1)

where c is a constant, Z, is the light intensity at depth z, [ is the
light intensity just underneath the water surface, and z is water
depth. Technical problems, however, prevented us from using
the LI-COR in the other estuaries. Hence, at Shoestring Bay,
Perch Pond, and Mashpee River, we took duplicate Secchi
depth (SD) measurements at each sampling station, for a total
of 12 measurements per estuary. To remove personal bias, the
same individual did all the Secchi depth measurements.
Secchi depth measurements were converted into estimates of
light extinction coefficient (k) using the equation (Malone
1977; Grillini and Lazzara 1978):

k=1.7/SD (2)

Bottom irradiance (micromole photons per square meter
per second) in Shoestring Bay, Perch Pond, and Mashpee
River was estimated with Eq. 1 using the mean value of I,
for the other four estuaries. The conversion factor between k
and SD varies depending on the relative amount of light
scattering to absorption in the water column. In waters with
large quantities of inorganic suspended matter and high levels
of scattering, the conversion factor is <1.7, and in waters with
large amounts of light-absorbing particulate and dissolved
organic matter, the factor is >1.7 (Koenings and Edmundson
1991; Pierson et al. 2008; Gallegos et al. 2011). Here we used
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a conversion factor of 1.7 for the three estuaries where we
indirectly derived the highest levels of k. If these three estuar-
ies had much higher amounts of inorganic suspended matter in
their water columns, the calculated £ values for those estuaries
would have been inflated, and thus, the differences in & values
between these three and the other four estuaries would be
questionable. However, this is highly unlikely since in general
there are no large differences in the factors that control inor-
ganic suspended matter, such as sediment type, fetch area,
predominant wind direction, and riverine inputs, among the
estuaries compared here (Valiela et al. 2000b; Hauxwell et al.
2003). Rather, if anything we would expect higher concentra-
tions of light-absorbing matter in the three estuaries with the
indirectly derived highest levels of £ (Tomasky et al. 1999;
Hauxwell et al. 2001), which would render the differences in
light attenuation with other estuaries even more prominent.
Thus, our conclusions regarding higher light attenuation in the
three estuaries with indirectly calculated £ values should be
robust. Differences in light extinction coefficient and bottom
irradiance among estuaries were analyzed with one-way
ANOVA followed by post hoc Tukey tests comparing pairs of
estuaries. Water column nitrate concentration and macroalgal
biomass did not comply with the requirements of ANOVA, even
after data transformation. Thus, differences in these variables
among estuaries were analyzed with the nonparametric
Kruskal-Wallis test followed by Q tests for comparisons be-
tween pairs of estuaries (Zar 1984).

Interactions Between Nutrient Envichment, Water Column
Shading, and Macroalgal Abundance in Mesocosm Studies

We resort to published mesocosm studies to offer more evi-
dence that intense eutrophication can lead to macroalgal de-
cline due to severe water column shading in shallow coastal
systems. The studies examined here are Burkholder et al.
(1992, 1994), Taylor et al. (1995a, b), and Taylor et al.
(1999) for a total of 14 trials. These studies reflect realistic
field conditions and integrate the communities of producers
and consumers found in the mimicked shallow bays, lagoons,
and estuaries. They all are nutrient enrichment studies and
have the common theme of investigating how higher nutrient
inputs than those observed under ambient conditions affect a
number of structural and dynamic system properties, includ-
ing community composition and abundance, intra- and inter-
specific competition, trophic relationships between producers
and consumers, system metabolism, and the turnover/recycling
of energy and materials in the system.

We delved into the data provided by these studies to pro-
vide further supporting evidence that macroalgal abundance
increases at moderate eutrophication levels, but may decrease
at high eutrophication levels due to intense water column
shading. Namely, using information reported in these studies,
we test the hypothesis that, under moderate nutrient
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enrichment, light penetration through the water column will
be adequate for macroalgal growth and higher macroalgal
biomass values will be found in enriched than in non-
enriched conditions; however, under intense nutrient enrich-
ment, severe light attenuation through the water column will
occur, thereby greatly limiting macroalgal growth and
resulting in lower macroalgal biomass values in enriched than
in non-enriched conditions. We culled the following informa-
tion out of the 14 nutrient enrichment trials: nutrient loading
rates for the enriched treatments; macroalgal biomass in the
non-enriched and enriched treatments at the beginning and
end of the experiment; light intensity at the top of the
macroalgal canopy at the beginning of the experiment; and
mean light intensity at the top of the macroalgal canopy
throughout the experiment in non-enriched and enriched treat-
ments. With this information, we plotted for each of the trials
the change in macroalgal biomass in enriched in relation to
non-enriched conditions versus the shift in light intensity
received by the macroalgae in the enriched treatment during
the experiment. We overlaid on this plot as insets the loading
rates of the enrichment treatments and the mean light intensi-
ties reaching the macroalgal canopy in the non-enriched treat-
ments during the experiment. The plot allows for a clear
depiction of whether macroalgal biomass increases under
moderate nutrient enrichment in relation to non-enriched con-
ditions owing to adequate levels of light availability, and
whether macroalgal biomass decreases under intense nutrient
enrichment in parallel with drastic reductions in light avail-
ability in relation to non-enriched conditions. In addition,
using ¢ tests, we did two comparisons between enrichment
trials receiving low to moderate loading rates and those re-
ceiving high loading rates. We first compared between the two
groups of trials the mean light intensity received by
macroalgae in enriched conditions during the experiment,
and second, we compared the change in macroalgal biomass
in enriched conditions in relation to non-enriched conditions
that occurred over the experiment.

Relationship Between Nutrient Loading Rate, Water Column
Light Attenuation, and Macroalgal Biomass in Shallow
Coastal Systems

As a third effort to provide evidence that intense eutrophica-
tion may lead to macroalgal declines due to severe water
column shading in shallow coastal systems, we compiled data
on nitrogen loading rates, light extinction coefficient through
the water column, and macroalgal biomass for 23 systems
(Table 2). The systems range in depth from 0.2 to 10 m and
encompass a wide range of eutrophication intensity as re-
vealed by their differences in nutrient loading. We only ac-
cepted reports that (1) provided yearly nitrogen loading rates for
the entire system and (2) had adequate spatial sampling cover-
age and provided well-balanced, spatially weighted values of

macroalgal biomass and water column light extinction coeffi-
cients representative of the system as a whole. Most of the
systems compiled are temperate, and thus, the values of
macroalgal biomass and light extinction coefficient in those
systems correspond to mean values for the growing season.

Our hypothesis was that, at low to moderate nitrogen loading
levels, light availability would remain adequate for macroalgal
growth, and thus, macroalgal biomass would increase with
increasing loading rates. Under intense loading levels, however,
severe light limitation would occur and macroalgal biomass
would show reduced values. To test this hypothesis, we
regressed macroalgal biomass versus nitrogen loading rates
across the systems. We expected that, at low to moderate
loading rates, macroalgal biomass would be positively associ-
ated with loading rates, and the systems following that associ-
ation would also feature low to moderate coefficients of water
column light extinction. However, we expected this association
to be disrupted at intense loading rates, where severe light
limitation (as shown by the water column light extinction
coefficient in the system) would result in depressed macroalgal
biomass.

Stand Mobility Dependence of the Impacts of Macroalgal
Stands on Epifaunal Communities: Stagnant Versus Drifting
Stands

To further contribute to improving our current conceptual
model of anthropogenic eutrophication of shallow coastal
systems, we again resort to the literature to generate evidence
that the impacts of nutrient-fueled macroalgal blooms on
epifaunal populations are dependent upon the degree of mo-
bility of the bloom through occurrence of anoxic/hypoxic
conditions. Namely, we expect that if the blooms form dense,
stagnant mats, then adverse biogeochemical conditions would
develop (hypoxia/anoxia, high sulfide and ammonium con-
centrations), thereby causing substantial mortality of epifaunal
populations. Oppositely, if the algal mats are mobile (drifting
mats), we could expect persistent sufficient oxygenation with-
in the algal canopy and, therefore, little to no mortality of
epifaunal populations. In other words, we would expect det-
rimental impacts of dense, stagnant mats on the abundance of
epifaunal populations, but this would not be the case for
drifting mats.

To test this hypothesis, we compiled a number of studies of
macroagal blooms in shallow coastal systems (Tagliapictra
et al. 1998; Norkko et al. 2000; Bostrom and Bonsdorff
1997; Franz and Friedman 2002; Osterling and Pihl 2001;
Hauxwell et al. 1998). The studies focus on diverse ecological
impacts of the blooms, but they all provide data on bloom
macroalgal biomass, epifaunal abundance for the bloom can-
opy and control substrate (i.e., seagrass or bare sediment
around the macroalgal blooms), water oxygen concentration
within the bloom canopy and on surrounding control area, and

@ Springer



S186

Estuaries and Coasts (2014) 37 (Suppl 1):S180-S197

Table2 Source, identity, and mean values of depth, loading rate, algal biomass, and light extinction coefficient for the shallow coastal systems compiled

Source

Romero et al. (1996)

De Vries et al. (1996), Malta and
Verschuure (1997)

De Vries et al. (1996), Malta and
Verschuure (1997)

Lee and Olsen (1985)

Lee and Olsen (1985)
Lee and Olsen (1985)
Lee and Olsen (1985)
Lee and Olsen (1985)
Sfriso et al. (2003a, b)

Flindt et al. (1997),
Salomonsen et al. (1997)
Flindt et al. (1997)

System

Spain, Alfacs Bay

Netherlands, intertidal and subtidal
Lake Veere, 1992

Netherlands, intertidal and subtidal
Lake Veere, 1994

RI coastal lagoon, Ninigret

RI coastal lagoon, Green Hill

RI coastal lagoon, Trustom

RI coastal lagoon, Potter

RI coastal lagoon, Point Judith

Italy, Venice lagoon

Denmark, Roskilde Fjord,

Mollekrogen Bay
Portugal, Mondego Estuary

Smith (1979) HI, Kaneohe Bay

Smith (1979) HI, Kaneohe Bay

Haritonidis (1996) Greece, Gulf of Thessaloniki

De Casabianca (1996) French Mediterranean, Prevost
lagoon

De Casabianca (1996) French Mediterranean, Thau lagoon

McComb and Humphries (1992),
Lavery et al. (1991)

SW Australia, Peel-Harvey estuary,
1981-1988

This study MA estuary, Timms Pond
This study MA estuary, Pinquickset Bay
This study MA estuary, Childs River
This study MA estuary, Quashnet River
This study MA estuary, Mashpee Pond
This study MA estuary, Perch Pond

Depth (m)  Loading rate Algal biomass ~ Extinction
(molm?day') (gDWm? coefficient (m )

0.75 0.00160 140.8 0.40
0.80 0.00782 4175 0.92
0.80 0.00782 205.0 1.03
1.20 0.00060 57.0 0.63
0.80 0.00241 21.0 0.66
1.80 0.00094 14.0 1.04
1.20 0.00165 96.0 0.56
1.80 0.00067 125.0 043
0.90 0.00760 6214 1.73
1.00 0.00401 15.0 0.48
1.50 0.00725 377.9 1.93
5.00 0.00090 40.0 0.61

10.00 0.00090 190.0 0.24
1.50 0.01027 1495.0 0.38

N/A 0.00450 536.3 N/A

5.00 0.00059 120.0 N/A
1.00 0.00360 161.8 0.62
1.14 0.00011 1.1 1.41
0.23 0.00041 14.9 1.33
0.89 0.00869 129.9 1.44
0.77 0.00642 135.6 1.16
0.76 0.01053 6.0 2.70
1.51 0.01055 5.9 2.65

whether the bloom algal mat is stagnant or drifting. The
studies compiled refer to temperate locations and encompass
most of the growing season for macroalgae and epifauna.
They also include most of the epifaunal community, if not
all of it. With these data, we compared the percent change in
epifaunal abundance that occurred with the bloom in relation
to control substrate (expressed as the ratio of mean epifaunal
abundance for the macroalgal canopy to mean epifaunal abun-
dance for the control substrate multiplied by 100) between
canopies with persistent hypoxic/anoxic conditions and cano-
pies with persistent well-oxygenated conditions. We expected
to find negative changes (i.e., lower epifaunal abundance for
the macroalgal canopy than for the control substrate) under
persistent hypoxic/anoxic conditions and such changes to be
associated with stagnant canopies. In contrast, we did not
expect this to be the case under persistent well-oxygenated
conditions featured by drifting canopies. The percent change
in epifaunal abundance that occurred with the bloom in rela-
tion to control substrate was compared between both types of
conditions (hypoxic/anoxic versus normoxic) using a ¢ test.
We also noted the biomass (as grams of dry weight per square
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meter) of the macroalgal mat to see if it was related to its
mobility and occurrence of hypoxic/anoxic conditions.

Results

Interactions Between Loose Macroalgae and Phytoplankton
Under Intense Levels of Eutrophication

Field Comparison Among Estuaries in Southwest Cape Cod
(Massachusetts)

The estuaries examined are shallow, with mean depth ranging
from 0.2 (Pinquickset Bay) to 1.5 m (Perch Pond) among
them (Table 1). Mean oxygen concentrations in the water
column differed somewhat among the estuaries, and they
ranged from 5.7 (Pinquickset Bay) to 11.9 mg L™ (Perch
Pond). Mean water temperature displayed typical summer
values, ranging little among estuaries (from 22.5 °C in
Pinquickset Bay to 26.2 °C in Timms Pond). Mean salinity
varied to some extent among estuaries, from 17.0 ppt in
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Mashpee River to 28.4 ppt in Timms Pond, but in general,
these data indicate that our sampling took place within the
saline reaches of the estuaries.

In contrast mean water column nitrate concentration varied
largely (approximately by 50-fold) among the estuaries
(Table 1). We found a gradient towards increasing concentra-
tions from Timms Pond/Pinquickset Bay to Childs River/
Quashnet River to Shoestring Bay to Mashpee River/Perch
Pond, although the pairwise comparisons among these groups
were not always statistically significant (Fig. 2). The mean
water column light extinction coefficient varied approximate-
ly by twofold among estuaries, and extinction coefficient
values were higher in Shoestring Bay, Mashpee River, and
Perch Pond than in the rest of the estuaries (Fig. 2). Mean
bottom irradiance varied approximately by 20-fold among
estuaries, and in accordance to the differences found in light
extinction through the water column, values of bottom

irradiance were generally lower in Shoestring Bay, Mashpee
River, and Perch Pond than in the rest of estuaries (Fig. 2).
Mean macroalgal biomass varied approximately by 150-fold
among estuaries, and values of macroalgal biomass were
higher in Childs River and Quashnet River than in the rest
of estuaries (Fig. 2).

We plotted the mean light extinction coefficient, bottom
irradiance, and macroalgal biomass versus nitrate concentra-
tion across the estuaries studied to explore if trends existed
among these variables that are supportive of our hypothesis
(Fig. 3). Mean light extinction in the water column remained
relatively low (<1.5 m™') in estuaries with a mean water
column nitrate concentration <2 uM (i.e., Timms Pond,
Pinquickset Bay, Childs River, and Quashnet River), but it
abruptly increased to values >2.5 m ' in estuaries with a mean
concentration >2 uM (i.e., Shoestring Bay, Mashpee River,
and Perch Pond). In accordance with this trend, mean bottom
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irradiance remained >300 pmol photons m > s, albeit quite
variable, for estuaries with a mean water column nitrate con-
centration <2 uM, but it abruptly decreased to <100 pmol
photons m ™2 s~" for estuaries with a mean water column
nitrate concentration >2 uM. Mean values of bottom irradi-
ance for all estuaries with mean water column nitrate concen-
tration >2 uM were much closer to the 75 % percentile of a
range of compensation irradiance values (i.e., irradiance at
which algal photosynthesis equals respiration) reported in
the literature for macroalgal species found in our estuaries than
were mean values of bottom irradiance for estuaries with a
mean nitrate concentration <2 uM (Fig. 3). Mean macroalgal
biomass increased from Timms Pond/Pinquickset Bay
(mean nitrate concentrations 0.2 and 0.4 uM, respectively)
to Childs River/Quashnet River (mean nitrate concentra-
tions 0.7 and 1.1 uM, respectively), but it decreased abrupt-
ly to very low values in the estuaries with mean nitrate
concentration >2 uM (Fig. 3).

Interactions Between Nutrient Enrichment, Water Column
Shading, and Macroalgal Abundance in Mesocosm Studies

Figure 4 depicts for each trial the change in macroalgal bio-
mass in the enriched in relation to the non-enriched treatment
versus the change in mean light availability for the macroalgae

in the enriched treatment during the experiment. To do that,
we represent two points for each of the 14 trials, which are
connected by an arrow. The first point corresponds on the Y-
axis to the percent of macroalgal biomass in the enriched
treatment in relation to the non-enriched treatment at the start
of the experiment, and on the X-axis to the light intensity that
reaches the algal canopy at the start of the experiment. The
second point corresponds on the Y-axis to the percent of
macroalgal biomass in the enriched treatment in relation to
the non-enriched treatment at the end of the experiment, and
on the X-axis to the average light intensity at the top of the
algal canopy in the enriched treatment during the experiment.
Overlaid as insets are the loading rates for the enriched treat-
ments and the average light intensities at the top of the algal
canopy in the non-enriched treatments during the experiment.

Burkholder et al. (1994) had only one enriched treatment
with a nitrogen load of 2.6 mmol N m 2 day '. The enriched
macroalgae received abundant light during the experiment, en
par with non-enriched algae, and reached higher biomass than
non-enriched algae. Burkholder et al. (1992) had three enrich-
ment levels with loads of 1.8, 3.6, and 18 mmol N m 2 dayfl.
The enriched macroalgae in all enrichment treatments re-
ceived plentiful light during the experiment, similar to the
light levels received by the algae in the non-enriched treat-
ment. Enriched macroalgae reached higher biomass than non-
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Fig. 3 Relationship between mean light extinction coefficient (per me-
ter); bottom irradiance (micromole per square meter per second); and
macroalgal biomass (gram dry weight per square meter) and nitrate
concentration (micromolar) across the Cape Cod sub-estuaries studied.
Dashed lines on the bottom irradiance panel correspond to the 25 %
(10 pmol m 2 s 1) and 75 % (35 pmol m % s 1) percentiles of a compi-
lation of values of compensation irradiance for some of the species of
macroalgae found in the sub-estuaries. Sources are Gordon et al. (1980),
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Armold and Murray (1980), Gacia et al. (1996a, b), Dawes and Koch
(1990), Dawes et al. (1999), Vergara et al. (1997, 1998), Israel et al.
(1995), Ordufia-Rojas et al. (2002), Beach et al. (1995), Chisholm and
Jaubert (1997), Chisholm et al. (2000), Sand-Jensen (1988), Johansson
and Snoeijs (2002), Gayol et al. (1995), Rosenberg and Ramus (1982),
Peckol and Rivers (1995), Levavasseur et al. (1991), Henley (1992) and
Henley et al. (1991)
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Fig. 4 Change in macroalgal biomass in enriched treatments in relation
to non-enriched treatments for a number of mesocosm experiments.
Values for each enrichment trial are connected with arrows. The first
point corresponds on the Y-axis to the percent of macroalgal biomass in
the enriched treatment in relation to the non-enriched treatment at the start
of the experiment and on the X-axis to the light intensity that reaches the
algal canopy at the start of the experiment. The second point corresponds
on the Y-axis to the percent of macroalgal biomass in the enriched

enriched algae in two (1.8 and 3.6 mmol N m * day ') out of the
three enrichment treatments. Taylor et al. (1999) applied four
enrichment levels (1.3, 2.3, 4.3, and 8.3 mmol N m 2 day_]).
The macroalgae in all enrichment treatments received light
values en par or above the values received by the non-
enriched algae during the experiment, which, although not as
high as in other experiments, was still sufficient to permit
macroalgal growth. The macroalgae in all enrichment treatments
reached higher biomass than in the non-enriched treatment.
Taylor et al. (1995a, b) applied one single level of enrichment
(8.3 mmol N m 2 day ") to six different trials. The enriched
macroalgae in all trials received drastically reduced light in
relation to the light received by the algae under non-enriched
conditions. Light levels received by enriched macroalgae were
in line with or below the 75 % percentile of the range of
compensation irradiance values compiled, which suggests that
the enriched algae suffered severe growth limitation.
Accordingly, enriched algae reached a much smaller biomass
than non-enriched algae.

All together, this analysis offers support to the hypothesis
that light availability remains adequate and macroalgal growth
is stimulated under incipient to moderate eutrophication in
relation to non-eutrophied conditions, but intense eutrophica-
tion may lead to severe light limitation and reductions in
macroalgal biomass. The trials with lower nitrogen loading
rates included in this comparison (1.3, 1.8, 2.3, 2.6, 3.6, and
4.3 mmol N m ™2 day ') all maintain adequate light availability

treatment in relation to the non-enriched treatment at the end of the
experiment and on the X-axis to the average light intensity at the top of
the algal canopy in the enriched treatment during the experiment. Over-
laid as insets are the loading rates for the enriched treatments and the
average light intensity at the top of the algal canopy in the non-enriched
treatment during the experiment (i.e., mean control light). Dashed lines as
in Fig. 3

and are conducive to increases in macroalgal biomass in
relation to non-enriched conditions. Out of the eight trials
receiving relatively high nitrogen loading rates (8.3 and
18 mmol N m 2 day '), six of them experienced large reduc-
tions in light availability and macroalgal biomass in relation to
non-enriched conditions, one of them had good light avail-
ability and increased macroalgal biomass in relation to non-
enriched conditions, and another one had good light availabil-
ity and almost no change in macroalgal biomass in relation to
non-enriched conditions (Fig. 4). Overall, the trials with
low loading rates (1.3, 1.8, 2.3, 2.6, 3.6, and 4.3 mmol
N m 2 day ') showed much higher light availability for
enriched macroalgae than trials with high loading rates
(8.3 and 18 mmol N m % day ') (¢ test comparing mean
light intensity received by enriched algae between the
two groups of trials, P<0.05). Trials with low loading
rates also showed much larger enriched/non-enriched
macroalgal biomass ratios at the end of the experiment
than trials with high loading rates (¢ test, P<0.05). In
concert, these mesocosm experiments suggest that mod-
erate eutrophication in shallow coastal systems main-
tains adequate light availability and increases macroalgal
biomass, but intense eutrophication induces severe light
limitation and decreased macroalgal biomass. However,
intense eutrophication may not always lead to reduced
light availability and algal biomass, as shown by two of
the trials receiving high loading rates.
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Relationship Between Nutrient Loading Rate, Water Column
Light Attenuation, and Macroalgal Biomass in Shallow
Coastal Systems

Mean macroalgal biomass varied by three orders of magnitude
(i.e., from ca. 1 to 1,500 g DW m?) across the systems
compared (Table 2). We adjusted a linear regression equation
to all systems except the two with the highest nitrogen loading
rates (Fig. 5), which corresponded to:

log(macroalgal biomass) = 1.67(+0.13)
+ 0.95(£0.20)log(nitrogen loading rate)

3

(n=21, R*=0.51, P<0.05) G)

Water column light extinction coefficients for the systems
included in the regression equation ranged from 0.2 to
1.9 m'. The two systems not included in the regression
equation clearly lied off the linear trend of increasing
macroalgal biomass with higher nutrient loading rates identi-
fied for all other systems. Along with having the highest
loading rates, those two systems had very low macroalgal
biomass (i.e., about 100 times lower than predicted from the
regression equation) and high extinction coefficients (2.65 and
2.70 m"'; Table 2). These results offer further support to the
hypothesis that moderate eutrophication maintains adequate
light availability and leads to increased macroalgal biomass in
shallow coastal systems, but severe water column shading and
large reductions in macroalgal biomass may occur at intense
eutrophication.

Stand Mobility Dependence of the Impacts of Macroalgal
Stands on Epifaunal Communities: Stagnant Versus Drifting
Stands

A total of ten macroalgal bloom events were extracted from
the reports examined (Fig. 6). Persistent or recurrent anoxia/
hypoxia was found within the canopies of five of the blooms,
and correspondingly, epifaunal abundance was lower for the
macroalgal bloom canopy than for the surrounding substrate
(bare sediment or seagrass). In contrast, five other blooms
featured well-oxygenated conditions within the canopy, and
epifaunal abundance for those canopies was higher than for
the surrounding substrate. Indeed, the ratio of epifaunal abun-
dance for the macroagal canopy to epifaunal abundance for
the control substrate was higher for well-oxygenated (higher
than 1 in all cases) than for anoxic/hypoxic canopies (lower
than 1 in all cases) (¢ test, P<0.05). These differences did not
seem to be influenced by the type of control substrate (bare
sediment or seagrass; Fig. 6). All blooms that featured persis-
tent or recurrent anoxia’hypoxia and depressed epifaunal
abundance were stagnant or, at best, had highly restricted
mobility (Fig. 6). Their biomass ranged from 100 to
225 g DW m ~. Interestingly, the blooms that featured well-
oxygenated conditions and promoted epifaunal abundance
could be stagnant or drifting, but drifting blooms displayed
higher biomass (ranging from 220 to 480 g DW m ?) than
stagnant blooms (ranging from 60 to 71 g DW m ). This
suggests that stagnant blooms, if not too thick (i.e., having
relatively reduced biomass levels), can be well oxygenated
and harbor large epifaunal abundance.

Fig. 5 Relationship between
macroalgal biomass (gram dry
weight per square meter) and
nitrogen loading rate (millimole
nitrogen per square meter per day)
across shallow coastal systems.
Open symbols correspond to
systems fitted to the regression
equation (solid line), and closed
symbols correspond to systems
not fitted to the equation.
Included as an inset is the
histogram of light extinction
coefficient values for the systems
fitted to the regression equation
(dashed line on histogram
corresponds to median value).
Full references for the systems
compared are provided in Table 2
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Fig. 6 Change in epifaunal abundance with macroalgal blooms in rela-
tion to surrounding substrate (i.e., seagrasses or bare sediment). The
change is expressed as the ratio of mean epifaunal abundance for the
algal canopy to mean epifaunal abundance for the surrounding substrate
(control epifaunal abundance) multiplied by 100. The studies compiled
are divided in two types: those featuring persistent hypoxic/anoxic

Discussion

With this work, we intended to contribute to our current
conceptual model of eutrophication of shallow coastal sys-
tems. The current model represents well the complex re-
sponses by epiphytes, loose macroalgae, and phytoplankton
to incipient/moderate eutrophication (Burkholder et al. 2007;
McGlathery et al. 2007). When pristine shallow coastal sys-
tems are eutrophied, these algal producers may increase their
biomass to varying degrees depending on a number of factors
such as grazing, temperature, salinity, exposure to wave ener-
gy, and, in the case of phytoplankton, water residence time
(e.g., Collado-Vides et al. 2007; Engelsen et al. 2010; Pifion-
Gimate et al. 2012; Xu et al. 2010). Accordingly, cascading
impacts on seagrasses can also be quite variable. Nevertheless,
the interactions that occur between phytoplankton and loose
macroalgae at intense eutrophication when they both accumu-
late at incipient/moderate eutrophication in shallow coastal
systems have been little studied. Here we provide evidence that
loose macroalgae may decline at intense eutrophication due to
severe water column shading. We also help improve the current
conceptual model by providing evidence that the impacts of
eutrophication-induced shifts of producer assemblages on sys-
tem function are contingent upon the co-occurrence of anoxic/
hypoxic conditions. Focusing on loose macroalgal blooms, we
show that well-oxygenated blooms promote epifaunal abun-
dance, but poorly oxygenated blooms depress epifaunal abun-
dance in relation to surrounding habitat. Below we discuss

hypoxia/anoxia within most of
the canopy

conditions and those featuring well-oxygenated conditions in the bloom.
Numbers on the X-axis correspond to the study number. The studies are
further differentiated into whether the blooms are stagnant or drifting.
Numbers within the bins denote the mean macroalgal biomass (in gram
dry weight per square meter) in the study, and /etters denote the surround-
ing substrate (S seagrasses, B bare sediment)

these two contributions to our current conceptual model of
shallow coastal systems.

Three efforts are presented here (i.e., comparison of Cape
Cod estuaries, analysis of a suite of published mesocosm
studies, and compilation of published data for shallow coastal
systems) to provide support to the hypothesis that moderate
eutrophication in shallow coastal systems may, by maintaining
adequate light availability, increase macroalgal abundance, but
intense eutrophication may lead to macroalgal decline due to
severe light limitation. Each of these efforts bears its own
caveats. For instance, even though we took our samples in
the Cape Cod estuaries in August, a period with maximum
biological activity and where macroalgal and phytoplankton
biomass should be highest in the year (Hauxwell et al. 1998;
Tomasky et al. 1999; Fox et al. 2008), we only sampled the
estuaries one time. Despite the gradients in water column
nitrate concentrations and light extinction coefficients found
among the estuaries with our one-time sampling, these param-
eters may vary widely through time for one given estuary
(Cloern 2001; Hauxwell et al. 2001). Thus, in-depth character-
ization of differences in eutrophication intensity and resulting
interactions between water column shading and macroalgal
biomass among the estuaries examined would require more
sampling. At any rate, the three efforts presented here are
convergent in presenting evidence that intense eutrophication
via severe water column shading may result in macroalgal
declines in shallow coastal systems. The diversity of ap-
proaches, systems, measurements, and designs encompassed
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by the three efforts may offer further reassurance for this
hypothesis.

Several authors have previously suggested the trend that, as
moderately eutrophic shallow coastal systems are further
eutrophied, phytoplankton biomass could accumulate to large
levels and exert intense shading on the underlying
macroalgae, thereby leading to their decline. Sand-Jensen
and Borum (1991) and Duarte (1995) were among the first
ones to suggest this trend based on a number of empirical
observations. They also provided reasoning for it in that
phytoplankton, due to its higher internal nutrient demands,
tends to have higher nutrient uptake rates in comparison with
macroalgae. In turn, macroalgae, due to their bulkier architec-
ture and self-shading on their photosynthetic cells, tend to
have higher light requirements (i.e., higher photosynthesis—
respiration compensation irradiances) in comparison with
phytoplankton. Thus, as nutrient inputs increase to intense
levels, phytoplankton biomass will accumulate to large values
owing to its higher nutrient uptake rates. This will intensify
shading on underlying macroalgae, which may suffer severe
growth light limitation and biomass decline due to their inher-
ently higher light requirements. Valiela et al. (1997, 2000a)
provided renewed evidence by showing that, when a number
of coastal systems covering a broad range of nitrogen loading
rates are compared, the contribution of phytoplankton to total
system's primary productivity increases, but the contribution
of macroalgae decreases, as we move from moderate to in-
tense loading rates (Figure 6 in Valiela et al. 2000a).
McGlathery et al. (2007) established this apparent trend as
one of the building premises of our current eutrophication
model for shallow coastal systems, although they also recog-
nized that more research supporting the apparent trend was
needed. Here we provide further support for this trend.

However, our results also suggest that intense eutrophica-
tion in shallow coastal systems is not always conducive to
severe water column shading and macroalgal decline. Out of
the eight trials receiving high nitrogen loading rates in the
mesocosm studies, six of them showed drastically reduced
light availability and large decreases in macroalgal biomass in
relation to non-enriched conditions, but two of them showed
good light availability and one of them increased macroalgal
biomass in relation to non-enriched conditions. Short water
residence time (i.e., high flushing rates) is a potential reason as
to why intense nutrient loading may not be always conducive
to severe water column light limitation and ensuing
macroalgal decline in shallow coastal ecosystems. Fast advec-
tion rates (i.e., short water residence time) can substantially
limit the accumulation of phytoplankton biomass and shading
effects on benthic producers in coastal systems, even under
high nutrient inputs (Valiela et al. 2000a; Oberg 2005; Xu
et al. 2010). Other factors such as grazing on phytoplankton
by filter feeders (Bruschetti et al. 2008; Xu et al. 2010; Wall
et al. 2011) and sediment resuspension and light limitation of
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phytoplankton growth (Monbet 1992) can also curtail phyto-
plankton build-up under intense eutrophication. Here it seems
unlikely that water residence time is the dominant mechanism
accounting for the disparity observed in water column shading
and macroalgal abundance among intense loading rates in the
mesocosm studies, since all the studies compiled had similar
flushing rates in the experimental tanks (i.e., 5-10 % of the
tank volume per day). Unfortunately, the information provid-
ed in the studies is not sufficient for a deep analysis of this
disparity.

The replacement of seagrasses by loose macroalgae and
phytoplankton as dominant producers when pristine shallow
coastal systems are eutrophied and large accumulations of
phytoplankton and decline of loose macroalgae as the system
is further eutrophied suggest important functional implica-
tions. In a recent review, McGlathery et al. (2007) synthesized
some implications for the retention and fate of organic matter.
Pools of refractory organic matter should be reduced because
phytoplankton decomposes more quickly and stores smaller
pools of recalcitrant detritus (on an areal basis) than do loose
macroalgae, which in turn decompose more quickly and pro-
duce less recalcitrant detritus than do seagrasses and bulky
macroalgae (Enriquez et al. 1993; Banta et al. 2004; Cebrian
and Lartigue 2004). However, hypoxic/anoxic conditions that
may occur with large accumulations of loose macroalgae and/
or phytoplankton could influence refractory matter storage,
since decomposition proceeds more slowly under those con-
ditions (Kristensen et al. 1995; Kristensen 2000; Middelburg
et al. 2004). Export of organic matter from shallow coastal
systems to neighboring waters should also be altered as domi-
nant producers in the system shift from seagrasses to loose
macroalgae/phytoplankton to phytoplankton. Loose macroalgae
are unattached and can be transported by waves and currents
more easily than seagrasses, which are anchored to the sediment
via roots and rhizomes and typically only export shed leaves,
and phytoplankton moves at the mercy of the water and has a
higher export potential than loose macroalgae (Bach et al. 1986;
Cebrian 2002; Flindt et al. 2004).

Along with detritus decomposition rates, grazing rates could
also increase as dominant producers shift from seagrasses to
loose macroalgae/phytoplankton to phytoplankton. The per-
centage of primary production consumed by grazers is typically
higher in phytoplankton than loose macroalgae than seagrasses,
in agreement with higher producer nutritional quality (higher
nutrient contents and lower contents of structural carbon com-
pounds) in phytoplankton than in loose macroalgae than in
seagrasses (Cebrian 1999; Cebrian et al. 1998). If both the
percentage of primary production consumed by herbivores
and the percentage consumed by detritivores/decomposers (as
indicated by the decomposition rate) increase, we could also
expect higher levels of secondary productivity with the shift
from seagrasses to loose macroalgae/phytoplankton to phyto-
plankton as long as the total system's primary productivity is
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not significantly reduced, which may well be the case in
shallow coastal systems (Borum and Sand-Jensen 1996;
Nixon et al. 2001). However, changes in the quality and quan-
tity of biotic structural complexity and potential shelter for
organisms that would occur with this shift in dominant produc-
er assemblages could certainly influence secondary productiv-
ity in the system. Perhaps such changes would not be too
dramatic when loose macroalgae replace seagrasses as domi-
nant producers, since both seagrass and macroalgal canopies
are structurally complex and can provide shelter to many
organisms (Norkko et al. 2000; Osterling and Pihl 2001;
Hughes et al. 2002; Réberg and Kautsky 2007), but large
declines in loose macroalgal abundance under intense eutro-
phication would likely reduce biotic structural complexity and
potential shelter for organisms in the system.

At any rate, the impacts of eutrophication-induced shifts in
producer assemblages on grazing rates, quality of biotic struc-
ture, and secondary productivity should depend on whether
anoxic/hypoxic conditions co-occur with the producer shift.

Pristine

Moderate eutrophication

Here we present evidence for this hypothesis focusing on
blooms of loose macroalgae. Using published data we show
that, when the blooms develop pervasive hypoxic/anoxic con-
ditions within the algal canopy, epifaunal abundance is re-
duced in relation to the epifaunal abundance found for sur-
rounding substrate uncovered by the bloom (i.e., bare sedi-
ment or seagrass beds), but the blooms harbor larger epifaunal
abundances than surrounding substrate when they maintain
well-oxygenated conditions. These results provide support to
the hypothesis that functional changes in shallow coastal
systems as a result of eutrophication-induced shifts in produc-
er assemblages are contingent upon the co-occurrence of
anoxic/hypoxic conditions. Namely, as seagrasses are re-
placed by loose macroalgae during incipient and moderate
eutrophication, total secondary productivity may increase ow-
ing to higher levels of herbivory and detritivory (i.e., higher
consumption rates on the macroalgae than on the seagrass) in
conjunction with little change in biotic structural complexity
(i.e., the amount of quality shelter offered to organisms) as

Intense eutrophication

Seagrass-dominated

Macroalgae/Phytoplankton-
dominated

Phytoplankton-dominated

Well oxygenated algal canopies: higher epifaunal °
abundance than in prior seagrass-dominated stage

Very h|gh.flush|ng o

° [ o
. o Elevated grazin'g on
e phytoplankton,
(<]

Hypoxic/Anoxic algal canopies: lower epifaunal
abundance than in prior seagrass-dominated stage

Macroalgae/Phytoplankton-
dominated

Fig. 7 Eutrophication-driven shifts in primary producer assemblages in
shallow coastal systems. In shallow (a few meters deep), well-lit systems
dominated by seagrasses, incipient to moderate eutrophication favors
growth of macroalgae and phytoplankton in detriment of the seagrasses.
These newly formed stands of loose macroalgae may enhance secondary
productivity in the system if they remain well oxygenated, but depress it if
they exhibit persistent anoxia/hypoxia. As the system now co-dominated

by loose macroalgae and phytoplankton is further eutrophied to intense
levels, larger phytoplankton stocks will accumulate in the water column
and, through severe shading, induce macroalgal decline. In some in-
stances, however, factors such as fast flushing (low water residence time)
and elevated grazing on phytoplankton may prevent large phytoplankton
accumulation and macroalgal decline
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long as the macroalgal canopies remain well oxygenated, but
this would not be the case if pervasive hypoxia/anoxia occurs
in the canopy. The results also point to two mechanisms that
can keep loose macroalgal blooms well oxygenated. Our
comparison suggests that blooms with relatively low biomass
(<100 g DW m?) remain well oxygenated, even though they
are stagnant. As bloom macroalgal biomass becomes large
(>100 g DW m?), only drifting blooms remain well oxygen-
ated, whereas stagnant blooms develop recurrent or perma-
nent hypoxic/anoxic conditions. Therefore, the mobility of
macroalgal blooms seems to be influential for oxygen condi-
tions within the canopy mostly when blooms accumulate large
levels of macroalgal biomass.

In conclusion, our results help implement our current mod-
el of eutrophication of shallow coastal systems by providing
additional support for poorly documented predictions of the
model (Valiela et al. 2000a; McGlathery et al. 2007). We first
provide new evidence that loose macroalgal blooms that are
formed at incipient/moderate eutrophication can decline at
intense eutrophication due to severe water column shading
(Fig. 7). This process seems widespread, based on the diver-
sity of approaches used in this paper. However, we also show
that severe water column shading and macroalgal decline do
not necessarily always occur at high eutrophication levels.
Short water residence time, grazing on phytoplankton, and
light limitation of phytoplankton could account for this, al-
though our work does not permit close examination of these
possibilities. We also illustrate how the occurrence of perva-
sive hypoxia/anoxia can condition functional change in the
system that results from eutrophication-driven shifts in dom-
inant primary producers. We focus on the development of
macroalgal blooms and associated seagrass decline that fre-
quently occurs under incipient to moderate eutrophication and
show positive changes in epifaunal abundance from the
seagrass to macroalgal-dominated stage if the bloom main-
tains well-oxygenated conditions, but negative changes under
pervasive hypoxic/anoxic conditions. We show that bloom
macroalgal biomass and degree of mobility affect oxygen
conditions in the bloom. In light of our findings, we suggest
that future work to further improve our current model of
eutrophication of shallow coastal systems could focus on
ascertaining the mechanisms that can prevent severe water
column shading and macroalgal decline at high eutrophication
intensity, as well as thorough documentation of how the
development of anoxic/hypoxic conditions influences system
functionality across different stages of eutrophication.
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