
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 468: 107–117, 2012
doi: 10.3354/meps09973

Published November 14

INTRODUCTION

Dramatic increases in the abundance of fast-
 growing macroalgae have been implicated in many
community shifts in coastal systems across temperate
and tropical regions. Macroalgal blooms have contri -
buted to the worldwide decline in major foundation
species such as corals (Lapointe 1997, McClanahan
et al. 2003), and seagrasses (Holmquist 1997, 2003,
Hauxwell et al. 2001, 2003, Nelson & Lee 2001, Cum-
mins et al. 2004, Irlandi et al. 2004). Because of their
effect on species that form the habitat on which asso-
ciated animal species depend (Valiela et al. 1992,
Diaz & Rosenberg 1995, Raffaelli et al. 1998, Deegan

et al. 2002, Cardoso et al. 2004), these changes could
have community-wide implications. Furthermore,
the high turnover rate and lability of macroalgal bio-
mass can also alter rates of fundamental ecosystem
processes such as carbon fixation, consumption,
decomposition, storage, and export (Hauxwell et al.
2003).

Seagrasses are marine angiosperms most often
found in the shallow waters of relatively wave-pro-
tected locations such as estuaries and bays, where
they are the dominant primary producers. Only re -
cently, as recognition of widespread seagrass de clines
across the globe has increased (Orth et al. 2006, Way-
cott et al. 2009), have manipulative field studies on the
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effects of macroalgal blooms on seagrass begun to ac-
cumulate. These studies have shown macroalgal mats
can harm seagrasses by competing for light and creat-
ing unfavorable biogeochemical conditions such as
anoxia, high sulfide concentrations, and toxic ammo-
nium concentrations (Short & Burdick 1995, Terrados
et al. 1999, Haux well et al. 2001, McGlathery 2001,
Brun et al. 2003, Holmer & Nielsen 2007). These con-
ditions lead to reduced seagrass growth, shoot
density, and biomass (Holmquist 1997, Hauxwell et al.
2001, Nelson & Lee 2001, Deegan et al. 2002, Brun et
al. 2003, Cummins et al. 2004, Irlandi et al. 2004), al-
though there is also some evidence of positive effects
of macroalgae on seagrass (Hessing-Lewis et al.
2011). When they are healthy and abundant, sea-
grasses provide important habitat and ecological
services to coastal areas (Costanza et al. 1997), so the
potential consequences of macroalgal blooms for
coastal ecosystems are significant.

Most of the experimental field studies on the
effects of macroalgal blooms on seagrass communi-
ties have focused on the short-term, acute effects of
blooms, with an average (and median) study duration
of 3 mo (Holmquist 1997, Hauxwell et al. 2001, Nel-
son & Lee 2001, Brun et al. 2003, Cummins et al.
2004, Irlandi et al. 2004, Huntington & Boyer 2008)
(but see Hessing-Lewis et al. 2011). The majority of
these studies has been conducted in locations that
were eutrophic due to nutrient loading from terres-
trial sources. Eutrophication can directly affect
 seagrasses in addition to the effects of increased
macroalgae (Burkholder et al. 1992). These eutrophic
locations are often continuously occupied by macro-
algae (Hauxwell et al. 2001, 2003). However, algal
blooms also develop seasonally and affect seagrass
beds in the absence of ex treme eutrophic conditions
(Nelson & Lee 2001, Huntington & Boyer 2008, Hess-
ing-Lewis et al. 2011), and the dynamics and impacts
of these blooms may not be predictable based on
studies of eutrophic regions. We can advance our
understanding of the consequences of these seasonal
blooms, as well as eelgrass resilience and recovery,
through a 2-pronged approach: using interannual
variation in the size and duration of blooms as a nat-
ural experiment, complemented by controlled mani -
pulations over multiple years.

In the northeastern Pacific region, significant inter-
annual variation in the intensity of blooms occurs in
some locations (Nelson et al. 2003, Hessing-Lewis et
al. 2011), but it is not known to what extent this vari-
ation correlates with its effects on seagrass. Inter-
and intra-annual variation in nutrients due to upw -
elling conditions could alter nutrient supply for

blooms (Nelson et al. 2003). Changes in cloud cover
associated with coastal fog can affect light levels,
both of which could cause interannual variation in
macroalgae even in the absence of human activities
(Pregnall & Rudy 1985). Here we assess the degree to
which the timing and magnitude of ephemeral,
green macroalgal blooms (Ulva sp.) vary seasonally
and interannually in Bodega Bay, California, and
determine how natural and experimentally aug-
mented Ulva abundance affects eelgrass Zostera
marina. Specifically, we measured Ulva abundance
and seagrass shoot density, biomass, growth rate,
epiphyte load, and sediment organic content in 4
treatments: (1) unmanipulated control plots, (2)
fenced plots kept free of Ulva, (3) fenced plots with
ambient amounts of Ulva, and (4) fenced plots with
2× ambient Ulva. Our manipulations and monitoring
continued over 38 mo (including 4 summers) that var-
ied dramatically in peak Ulva biomass (2004 to 2007),
allowing us to test how the effects of Ulva on eelgrass
varied interannually and to track recovery as well as
loss of eelgrass biomass.

METHODS

The 4 treatments were conducted within a large,
eelgrass Zostera marina meadow spanning the low
intertidal to shallow subtidal in Bodega Bay harbor,
California (38° 19’ N, 123° 03’ W) from June 2004 to
September 2007. The harbor area (~3.5 km2) is
flushed for the most part on each tidal cycle, with the
possible exception of the most interior portions which
appear to have some retention over a maximum of a
few days based on observations of water temperature
(J. Largier pers. comm.). The harbor receives little
freshwater input outside of the winter rainy season
(November to April), resulting in a fairly narrow
salinity range close to full-strength seawater, and
water temperature is generally close to the ocean
temperature (±5°C). Native to the area, Ulva occurs
on the mudflat and in intertidal and subtidal eelgrass
beds, particularly in the summer months. We identi-
fied this as Ulva lactuca (Gabrielson et al. 2004), but
species-level distinctions are complicated by consid-
erable morphological plasticity. In light of this, we
refer to the green ulvoid macroalgae we studied as
Ulva sp. denoted as Ulva hereafter. The harbor also
contains large expanses of continuous eelgrass
meadow, as well as some smaller, isolated patches.
We conducted the experiment within the largest con-
tinuous eelgrass bed that covers ~0.3 km2, located in
the southeast portion of the harbor.
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Experimental design

The experiment consisted of (1) an unmanipu-
lated, unenclosed control and 3 Ulva treatments in
which we manipulated the density of Ulva in 3 m
diameter plots: (2) Ulva removal, (3) ambient Ulva,
and (4) double-ambient Ulva (‘2×’). The 3 manipu-
lated treatments each had plastic fencing encircling
them to a height of 1.5 m (5 × 5 cm mesh opening
with 1 mm strand thickness) that was secured to
PVC poles driven into the sediment. The control
plots were marked with PVC poles, but were not
enclosed with fencing. Plots were arranged into
blocks based on spatial proximity. Each block had 4
plots and each plot within a block was randomly
assigned to one of the 4 treatments. Blocks 1 to 4
were placed in a shallow area (‘Site A’, 0.1 m mean
low low water [MLLW]), and Blocks 5 to 8 were
slightly deeper (‘Site B’, −0.3 m MLLW). There
were a total of 8 blocks (replicates) at the onset of
the experiment, but Block 1 was abandoned in
August 2005 when changes in bathymetry of the
mudflat caused it to be shallower than at the start
of the experiment, resulting in the death of eelgrass
in all 4 plots. We therefore sampled 28 plots with n
= 7 for each treatment. Prior to applying treatments,
we measured shoot density and reproductive shoot
density to detect any initial differences in eelgrass
abundance among plots.

Since the control plots were not enclosed by fenc-
ing, Ulva was free to drift in and out, and the density
of Ulva in these plots was taken to be representative
of the ambient density in the eelgrass meadow. To
measure Ulva density, we collected Ulva in one-
fourth of each plot (1.6 m2 sampling area) and drip-
dried it until no more water dripped out before
weighing. We calculated mean Ulva density across
the control plots within the site (i.e. Blocks 2 to 4 for
the shallow site and Blocks 5 to 8 for the deeper site),
then used these densities as the treatment levels for
the caged ambient Ulva treatments at each site. The
ambient densities were doubled for the 2× treatment
levels, and all Ulva was collected from the removal
plots and deposited outside of the study area. During
times of year when Ulva was present in the eelgrass
meadow, we measured and adjusted Ulva densities
in the treatments approximately every 2 wk. All plots
were disturbed to the same degree during Ulva
manipulation.

Although open on top, the enclosure fences pro-
vided an effective barrier to the movement of Ulva
into or out of the plots, maintaining the approximate
levels of Ulva density between adjustments. To

assess whether caging Ulva in a single location
resulted in more stationary mats than in unfenced
areas, we conducted an Ulva tracking study in which
we marked 12 Ulva sheets of various sizes with flag-
ging tape and observed movement over a 2 wk
period from 11 to 25 September 2007, a period in
which tidal height ranged from 0 to 1.7 m, represent-
ing the range of conditions experienced during the
summer bloom season.

Response variables

To assess the effect of Ulva on eelgrass, we meas-
ured shoot density, shoot biomass, reproductive
shoot density, and epiphyte load quarterly from
October 2004 to August 2007. Within each circular
plot, we established a 2 × 2 m grid comprised of 100
quadrats of 20 × 20 cm. The square grid touched the
edge of the circle at 4 points; these 4 quadrats were
not used for sampling to avoid edge effects. During
each sampling, 3 quadrats were randomly selected.
Prior to destructively sampling the quadrats, we
measured the growth of 2 eel grass shoots by punch-
ing a small hole in the base of each shoot and meas-
uring the distance it had grown after 2 wk (Zieman &
Wetzel 1980). At that time, above-ground biomass of
all shoots in the 3 quadrats was collected, placed in
plastic bags, and brought to the laboratory for pro-
cessing. Shoots were counted to determine shoot
density and then dried and weighed to determine
biomass per shoot. We measured epiphyte load
(which consisted mainly of microalgae) on all blades
from 2 shoots in each quadrat (see Fig. S5 in the
 supplement at www . int-res.com/ articles/ suppl / m468
p107. pdf). Where the randomly chosen quadrats had
no shoots, shoot density and biomass were recorded
as zero, and those quadrats were excluded from the
shoot growth and epiphyte load analyses. Only
above-ground eelgrass biomass was collected to
avoid disrupting the sediment and to minimize im -
pact on adjacent quadrats that would be sampled on
future dates. Individual quadrats were only sampled
once during the experiment.

We measured sediment organic content from spring
2005 to winter 2007 to assess whether Ulva treatment
had any affect (see Fig. S6 in the supplement). To
assess whether Ulva reduced light, we used light
sensors (Hobo pendant temperature and light data
loggers, Onset Computer Company) to measure light
intensity every half hour in an ambient Ulva and an
Ulva removal plot during peak Ulva biomass in
 September 2007.
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Environmental factors and Ulva biomass

In an attempt to understand what may be driving
the interannual variation in Ulva biomass, we ob -
tained data for light availability and rainfall taken at
Bodega Marine Laboratory (University of California
Davis 2008) and upwelling indices from the Pacific
Fisheries Environmental Laboratory (Pacific Fish-
eries Environmental Laboratory 2012) for the period
covering our experiment. We plotted Ulva biomass
against the environmental parameters and ran corre-
lations to detect any patterns (see Figs. S1 to S3 in the
supplement for more details).

Statistical analyses

We used repeated-measures ANOVA to assess
the effect of Ulva treatment, site, and date on shoot
density, shoot biomass, and sediment organic con-
tent data. Shoot biomass data was square-root
transformed to adjust for non-normality and hetero -
scedasticity. Where this resulted in a significant
treatment or date-by-treatment effect (in the case of
shoot density and shoot biomass), we also conducted
univariate ANOVAs for each date, applying a Bon-
ferroni correction that adjusted the critical p-value
to 0.004. For those sampling dates that had a signifi-
cant treatment effect, we used Tukey’s honestly sig-
nificant difference (HSD) post hoc test for multiple
comparisons of treatments. Because it was not possi-
ble to measure shoot growth or epiphyte load for
quadrats that had no shoots (i.e. quadrats in which
shoot density was zero), the datasets for these
response variables were unbalanced, which pre-
cluded us from using repeated-measures ANOVA.
Instead we used an ANOVA model that accounted
for possible non-independence of the measurements
for each sampling unit (plot) over time. This ap -
proach used a linear mixed-effects model with fixed
effects for sampling date site, treatment, and their
interactions; it also included block nested in site and
cage nested in block and site, both as random
effects. To alleviate concerns of using different sta-
tistical models to test different variables, we exam-
ined patterns of shoot density with both models;
both analyses reached identical conclusions. Given
that reproductive shoots only occurred during spring
and summer and densities in the sampling quadrats
were very low (i.e. rare), we used the same mixed
effects model but specified a Poisson distribution.
All analyses were performed using the JMP statisti-
cal software Version 7.

RESULTS

Seasonal and interannual variation in control plots

We used eelgrass Zostera marina and Ulva biomass
data collected from control plots to describe intra-
and interannual patterns of eelgrass and Ulva abun-
dance and to provide context for interpreting the
results of experimental manipulations.

All years showed distinct seasonal variation in
Ulva abundance, with peak abundance during the
summer months, although the magnitude of the
blooms varied dramatically among years (Fig. 1).
The largest bloom occurred in 2006, with peak den-
sity 2 times higher than the moderate blooms in
2004 and 2007, and >4 times higher than the small-
est bloom in 2005. The onset and duration of Ulva
blooms also varied among years: in 2004 and 2005
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Fig. 1. Ulva biomass and Zostera marina shoot density. Ulva
biomass was highest in summer 2006, which caused de-
clines in eelgrass shoot density. The sampling dates during
which there was a significant effect of Ulva treatment are
marked with * (based on repeated-measures ANOVA).
Within each sampling date, different letters distinguish sig-
nificantly different treatments. In July 2006, shoot densities
in the ambient and 2× treatments were, respectively, 50 and
85% lower than in the Ulva removal treatment. This effect
continued through October 2006. In February 2007, shoot
density in the ambient treatment was still lower than that in
the Ulva removal treatment, although this was not signifi-
cant when compared to Bonferroni-corrected p-values.
Shoot density in the 2× treatment remained lower through
spring. Although shoot density in the control plots was
higher than in the enclosed treatments during summer
months, it experienced a similar decline (52%) during the
large Ulva bloom that was not observed during the other 3 

summers of the study. Means ± 1 SE, n = 7
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Ulva was present in the eelgrass beds from June to
August, in 2006 and 2007 Ulva appeared in the eel-
grass beds starting in March and was present until
late fall. Plots and correlations of environmental
variables (light availability, upwelling, and rainfall)
with Ulva biomass did not reveal any significant
environmental correlates of the interannual varia-
tion (Figs. S1 to S3 in the section ‘Environmental
factors and Ulva biomass’ of the supplement); how-
ever, because we only had 38 mo of data, our power
to detect associations may have been low.

To determine the degree to which Ulva sheets
moved around in the eelgrass beds, we conducted an
Ulva tracking study. After 2 wk, only 1 piece of Ulva
out of 12 moved from its original position, and that
piece moved <0.5 m. Although some floating mats
were observed on the surface at high tide when Ulva
was abundant, the majority of Ulva within the eel-
grass beds remained within the eelgrass canopy due
to a combination of it being negatively buoyant,
becoming entangled among the eelgrass shoots, and
becoming attached to eelgrass blades and the
 sediment surface by tube-building polychaetes and
 am phi pods. These interactions among Ulva and in -
verte brates can prevent Ulva sheets from being
moved by currents and tidal flux (Reise 1983, Thom-
sen & McGlathery 2005), at least over time spans of
days to weeks.

For most of the experiment, eelgrass shoot density
varied seasonally as has previously been described
for populations not influenced by algal blooms
(Duarte et al. 2006, Walker et al. 2006), with peak
densities in the summer and lowest in the winter
(Fig. 1). The one exception to this pattern occurred
in 2006, the year of highest Ulva abundance. During
the summer of 2006, Ulva wet mass exceeded 4 kg
m−2, and eelgrass shoot density in the control plots
de creased 33% from what it was in the spring
(when typically it would increase by ~55 to 65%
from spring to summer). In the summer of 2006,
shoot density was 52% lower than that observed in
the other 3 summers of the study when Ulva was
less abundant (Fig. 1).

Ulva manipulation

There were strong effects of Ulva biomass on eel-
grass density and biomass, but no effects on shoot
growth, reproductive shoot density, epiphyte load,
and sediment organic content. Prior to discussing
each of these, we outline the effects of caging to pro-
vide context for the main effects.

Effects of mesh enclosures

We found significant differences between the
unenclosed control and the enclosed ambient treat-
ment during the spring, summer, and fall sampling
dates. Shoot density in the unenclosed control was
significantly higher than in the 3 enclosed treat-
ments in August 2005 (when Ulva was scarce), and,
in 2006, shoot density in the control was signifi-
cantly higher than in the ambient and 2× Ulva treat-
ments, but not than in the Ulva removal treatment
(Fig. 1). These differences are most likely due to
shading or reduction in flow caused by the mesh
fences. It is unlikely that restricting Ulva movement
caused the differences, since the tracking study
showed that, Ulva does not move much in eelgrass
beds. There were no significant differences in shoot
biomass (Fig. 2), shoot growth (Fig. 3), reproductive
shoot density (Fig. S4 in the supplement), epiphyte
load (Fig. S5 in the supplement), or sediment
organic content (Fig. S6 in the supplement) between
the enclosed ambient treatment and unenclosed
control plots.

Eelgrass shoot density

The repeated-measures ANOVA showed a signif-
icant effect of Ulva treatment on shoot density
(F(3,15) = 3.89, p < 0.0001), but there was no signifi-
cant effect of site (F(1,15) = 0.047, p = 0.41), nor was
there a significant site × treatment interaction (F(3,15)

= 0.17, p = 0.50). There were 3 sampling dates (out
of a total of 12) during which Ulva treatment signif-
icantly altered eelgrass density: August 2005, and
July and October 2006 (Fig. 1). The treatment
effects in August 2005 were caused by differences
between the control and the 3 enclosed treatments
(Ulva removal, ambient, and 2×), discussed above.
There were no significant differences among the 3
manipulated treatments until the large bloom in
2006, when Ulva peaked at 4 kg m−2 (Fig. 1), al -
though Ulva was present during the summer in
2004 and 2005. In July 2006, after the peak of the
bloom, there was a significant effect of Ulva treat-
ment on shoot density (ANOVA, F(3,3) = 17.59, p <
0.0001). Shoot density in the ambient and 2× treat-
ments was significantly reduced (50 and 85%,
respectively) compared to the Ulva removal treat-
ment (Tukey’s test, p < 0.05; Fig. 1).

In October 2006, 4 mo after the bloom peaked,
shoot density in the ambient Ulva and 2× Ulva
treatments remained lower than that in the Ulva
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removal treatment and unmanipulated control
(ANOVA, F(3,3) = 21.48, p < 0.0001; Tukey’s test, p <
0.05). In February 2007, shoot density in the ambi-

ent and 2× treatments were still lower than that in
the Ulva removal treatment, although this was not
significant when compared with the Bonferroni-
corrected critical value of 0.004 (ANOVA, F(3,3) =
5.08, p = 0.013; Tukey’s test, p < 0.05). By April
2007, 10 mo after the large bloom, the differences
among all 3 Ulva manipulation treatments were no
longer statistically significant (ANOVA, F(3,3) = 6.67,
p = 0.004; Tukey’s test, p > 0.05) (Fig. 1), although
similar absolute magnitude differences persisted
until summer 2007.

Although shoot density was higher in the control
plots compared to the enclosed treatments during
the summer and fall months, it followed the same
seasonal pattern and experienced a similar decline
in shoot density during the large Ulva bloom in
2006. In July 2006, shoot density in the control plots
was 52% lower than summer densities in the same
plots during the other 3 summers of the study,
which is the same magnitude of decline in shoot
density observed be tween the Ulva removal and
ambient treatments for July 2006 (50%; Fig. 1).
Thus, despite caging effects, we do not see any evi-
dence that the effects of Ulva were exacerbated by
the presence of cages, only that baseline levels of
eelgrass were lower in caged treatments.

Eelgrass shoot biomass

The repeated-measures ANOVA showed an effect
of Ulva treatment on biomass per shoot (F(3,15) = 5.60,
p = 0.008) (Fig. 2a), as well as an effect of site
(F(1,15) = 93.84, p < 0.0001), a site × treatment interac-
tion (F(3,15) = 8.39, p = 0.0016), and a date × site ×
treatment interaction (F(33,165) = 2.28, p = 0.01, Green-
house-Geisser epsilon = 0.448). The sampling dates
with significant site × treatment interactions all
occurred during the summers when Ulva was abun-
dant (2006 and 2007); during these sampling dates
the 2× treatment of Ulva reduced per-shoot biomass
at the shallow but not the deep site (Fig. 2b,c). In the
spring and summer of 2005 to 2007, shoot biomass
tended to be greater in the deep site (Fig. 2).

112

0

1

2

3

4

5
a  Both sitesUlva biomass

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Shallow site

Deep site

*

*

*

*

*

0

1

2

3

4

5

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
c  Deep site

U
lv

a 
b

io
m

as
s 

(k
g 

m
–2

)

E
el

gr
as

s 
sh

oo
t 

b
io

m
as

s 
(g

 s
ho

ot
–1

)

Date
Oct

 0
4

Ja
n 

05

Apr 0
5

Aug
 0

5 

Nov
 0

5 

M
ar

 0
6

M
ay

 0
6

Ju
ly 

06

Oct
 0

6

Fe
b 0

7

Apr 0
7

Aug
 0

7

0

1

2

3

4

5

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
b  Shallow siteUlva biomass

Control

Ulva removal
Ambient Ulva

2× Ulva

Ulva biomass
Control

Ulva removal
Ambient Ulva

2× Ulva

Fig. 2. Ulva biomass and Zostera marina shoot biomass.
There were significant effects of date, site, and treatment,
and a significant 3-way interaction among them. (a) Eelgrass
shoot biomass by site and Ulva biomass (averaged across
both sites). In the spring and summer of all years, shoot bio-
mass was greater at the deep site. (b) Eelgrass shoot biomass
by treatment and Ulva biomass at the shallow site. (c) Eel-
grass and Ulva biomass at the deep site. Means ± 1 SE, n = 7



Olyarnik & Stachowicz: Effects of Ulva on eelgrass

Eelgrass shoot growth

There was no significant effect of Ulva on shoot
growth (F(3,222) = 0.40, p = 0.75) (Fig. 3a). There was a
significant effect of site (F(1,5) = 19.29, p = 0.006) and
a significant date × site interaction (F(11,220) = 3.85, p <
0.001), with shoots in the deep site growing faster
than those in the shallow site for some of the sam-
pling dates (Fig. 3b). Growth was generally higher in
the spring and summer, and growth at the shallow
site never exceeded that at the deep site.

Eelgrass reproductive shoot density, epiphyte load,
and sediment organic content

There were no significant treatment or site effects
for reproductive shoot density (treatment: χ2 <
0.0001, prob > χ2 = 1.0; site: χ2 < 0.0001, prob > χ2 =
0.99) (Fig. S4 in the supplement). Nor were there any
effects of treatment or site on epiphyte load (treat-
ment: F(3,203) = 0.92, p = 0.43; site: F(1,5) = 5.29, p =
0.07) (Fig. S5 in the supplement). The repeated-mea-
sures ANOVA showed no significant effect of treat-
ment or site on sediment organic content (treatment:
F(3,11) = 0.54, p = 0.67; site: F(1,11) = 0.79, p = 0.39)
(Fig. S6 in the supplement).

Effects of Ulva on light intensity

The measurements of light intensity in the ambient
and Ulva removal treatments in September 2007
showed light was lower under the ambient level of
Ulva, which at the time was 1 kg m−2 (matched pairs
analysis: t(360) = 7.16, p < 0.0001). Integrating over the
2 wk period, Ulva reduced light by 46%. During the
sunniest day (peak 28 891 µmol m−2 s−1), Ulva re -
duced light by an average of 64%, while on the low-
est light day (peak 1642 µmol m−2 s−1) by 42%.

DISCUSSION

In our 38 mo study, magnitude, du ration, timing,
and effects of Ulva blooms varied dramatically
among years. Had we conducted the experiment in
2004, 2005, or 2007 only, we would have concluded
that Ulva has little effect on the eelgrass Zostera
marina in Bodega Bay. However, during the largest
bloom in the summer of 2006, the peak Ulva density
was 8 times that of the previous year, and the bloom
started earlier and ended later than in the other years
of the study. It was only during this year that we
found significant and large effects of Ulva on eel-
grass. A 50% reduction in eelgrass density persisted
for 4 to 6 mo following the peak of the bloom, and
biomass per shoot also de clined. However, even in
this extreme year, Ulva did not alter growth rates of
existing shoots, so effects on density appear to be due
to shoot mortality and reduced production of new
shoots (either via clonal or sexual reproduction). We
discuss these effects and their underlying mecha-
nisms and implications in more detail below.

Two comparisons provide evidence for the effects
of Ulva on shoot density: (1) correspondence among
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years between high Ulva biomass and decreased
eelgrass shoot density (Fig. 1) and (2) the differ-
ences among the 3 enclosed, manipulated treat-
ments within the large bloom of 2006 (Fig. 1).
Although enclosures themselves reduced shoot den-
sity, the effect caused by the 2006 Ulva bloom was
remarkably similar across the control and manipu-
lated plots, i.e. 50% reduction in shoot density,
despite different starting densities (Fig. 1). This is
also similar to the 54% re duction in shoot density
caused by another ulvoid, Ulvaria obscura, over a
period of 5 wk in Washington (Nelson & Lee 2001).
However, the ambient treatment took between 4
and 7 mo to return to the pre-bloom density com-
pared to <3 mo for the control. Higher light or flow
levels in unenclosed plots may have en hanced veg-
etative recruitment of new shoots (Haux well et al.
2001).

The immediate results from the large bloom of
2006 are similar to single-season studies that have
examined the effects of intense macroalgal blooms
on eelgrass, in that there were negative effects on
shoot density. In studies on systems ranging from
highly eutrophic (Waquoit Bay, Massachusetts) to
less-impacted (Tomales Bay, California) (Nelson &
Lee 2001, Hauxwell et al. 2003, Huntington & Boyer
2008), macroalgal mats cause senescence of existing
eelgrass shoots or impede the recruitment of new
shoots. Some studies have also shown negative
effects of macroalgae on eelgrass shoot growth
(Hauxwell et al. 2001, Brun et al. 2003, Holmer &
Nielsen 2007, Huntington & Boyer 2008), while oth-
ers have not (Hauxwell et al. 2003). In their study on
the effects of Ulva rigida on Zostera noltii, Brun et
al. (2003) suggest different explanations for the lack
of a significant effect on growth, including a net
transfer of dissolved organic carbon from U. rigida
to Z. noltii that would help to offset reduced photo-
synthesis, as well as a mobilization of non-structural
carbohydrates in both the above- and belowground
tissues of Z. noltii to meet carbon demands. The
effects of macroalgae on other species of seagrasses
similarly find variation in the intensity of response
(Holmquist 1997, Maciá 2000, Cummins et al. 2004,
Irlandi et al. 2004). It is not clear whether the incon-
sistencies in these results are due to the response of
different seagrass species or to differences in the
stress caused by different macroalgal species, or
some environmental factor such as light, tempera-
ture, or water flow.

This experiment failed to detect an effect of Ulva
on 3 other response variables we measured: epi-
phyte loads, reproductive shoot production, and

sediment organic content, suggesting that other
factors drive these variables or that the scale of our
manipulation was not sufficient to affect these vari-
ables. (1) Prior to the study, we hypothesized that
shading by Ulva would reduce epiphyte loads on
eelgrass, as has been shown in other cases (Irlandi
et al. 2004). However, we did not find any evidence
of this, nor did we find any effect of site on
epiphyte load despite the additional light attenua-
tion from the water column at the deeper site. This
suggests other factors are driving epiphyte abun-
dance on eelgrass at this location, such as inverte-
brate grazing (Hughes et al. 2010). Ulva only had
strong effects on invertebrate abundance and
diversity during the large bloom in 2006, when it
increased the density of gammarid am phi pods
(Olyarnik 2008). (2) Although there is some evi-
dence that eelgrass reproductive output may in -
crease in response to stress (Harwell & Rhode
2007), we failed to find an effect of Ulva on eel -
grass reproductive shoot density. Reproductive
shoot production in this population is relatively
small overall (10% or less of all shoots are repro-
ductive during the summer months), and we may
not have conducted the experimental manipulation
at a large enough scale to pick up small differences
in reproduction that Ulva may cause. (3) Although
large amounts of Ulva biomass senesced, became
buried under sediments, and de composed in the
eelgrass beds during the summer and fall months,
we found no effect of Ulva treatment on sediment
organic content. This is most likely be cause Ulva is
highly labile and breaks down quickly (>90% of
initial mass decomposes within 7 d; R. J. Best & S.
V. Olyarnik unpubl. data).

Mechanisms

One of the most obvious mechanisms leading to
negative effects of macroalgal blooms on seagrasses
is shading. Macroalgal canopies can cause chronic,
severe light limitation to seagrasses, especially for
small, newly recruiting shoots (Huntington & Boyer
2008). Although the results from this study show
growth of established shoots in Ulva removal treat-
ments does not differ from that under macroalgal
cover (the shoots grow at the same rate), Hauxwell et
al. (2003) suggest that shoots that are subject to
macroalgal cover lack sufficient resources to trans -
locate energy to newly recruiting clonal branches.
This may be caused by competition for light and
nutrients as well as reduced gas exchange, all factors
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that can be ex acerbated by reductions in flow caused
by the additional habitat structure of macroalgae
(Nelson & Lee 2001). Additional negative effects may
occur via unfavorable biogeochemical conditions
imposed on belowground eelgrass structures, such as
anoxia (Pregnall et al. 1984), high sulfide concentra-
tions, and other redox changes resulting from low
oxygen (Terrados et al. 1998), toxic ammonium con-
centrations (van Katwijk et al. 1997), and physical
damage (Valdemarsen et al. 2010). These effects are
likely to be more severe for newly recruiting than for
established shoots (van Katwijk et al. 1997).

Bloom size, timing, and duration

 Results from the 2× treatment suggest that blooms
larger than what occurred in 2006 will have a more
severe and longer lasting impact on eelgrass.
Although we saw a bloom of this size in only 1 of 4
summers, they are not exceedingly rare. In the year
after this study was completed (2008) there was
another bloom similar in size to that of 2006 (S.
Olyarnik unpubl. data), and, in unrelated experi-
ments, shoot density declined in the summer of 2008
coincident with this bloom (Hughes & Stachowicz
2011). In 2006 shoot density in the 2× treatment de -
creased by 85% compared to the 50% reduction in
the ambient treatment, and the effect continued for
>6 mo, longer than in the ambient treatment.
Although some reductions in shoot density may alle-
viate intra-specific competition for light and nutri-
ents, large declines in shoot density can lead to
 sediment re- suspension and increased turbidity
(Hasegawa et al. 2008), i.e. additional stresses that
can cause further eelgrass decline (McGlathery 2001,
Walker et al. 2006).

Also, the timing and duration of blooms are likely
to be important. Blooms that continue into the fall
prevent eelgrass recovery prior to the winter season,
which is likely to affect the ability to acquire carbo-
hydrate reserves that are important for winter sur-
vival and spring growth in this perennial species
(Hemminga & Duarte 2000). If large Ulva blooms
were to occur in consecutive years, this might reduce
the recovery of eelgrass and could reduce shoot
 density to precariously low levels.

Interannual variation of Ulva blooms

Green macroalgal blooms have been linked to
nitrogen loading from anthropogenic sour ces in more

eutrophic systems that are heavily influenced by ter-
restrial runoff (Valiela et al. 1997) and to severe
impacts on eelgrass. However, evidence is mounting
that the eutrophication paradigm does not hold true
for estuaries adjacent to upwelling zones (Kentula &
DeWitt 2003, Nelson et al. 2003, Hessing-Lewis et al.
2011). Although large increases in terrigenous
 nutrients could potentially increase the size and fre-
quency of algal blooms, we did not find any correla-
tion that suggested rainfall events (which could
deliver nutrients via runoff) are driving the interan-
nual patterns of Ulva. In 2007, we conducted small-
scale, manipulative experiments in which we crossed
the presence of grazers with a fertilization treatment
and found that neither of these factors affected Ulva
biomass dramatically (Olyarnik 2008). Instead, major
differences in growth of Ulva throughout a growing
season correlated well with light availability (PAR),
which is influenced by coastal fog (Pregnall et al.
1984). However, when we examined light availability
and Ulva biomass from 2004 to 2007, we did not
detect any pattern or correlation that would explain
the large variability in Ulva from year to year.
 Similarly, we did not find any correlation between
upwelling and Ulva. It should be noted that, while
relatively long-term compared to other studies of
macroalgal blooms, our study comprises only 4 sum-
mer blooms and thus is limited in its power to detect
drivers of interannual Ulva biomass, especially if a
number of interacting factors causes high variability
in blooms.

Strong interannual variation in the timing, dura-
tion, and magnitude of macroalgal blooms can dra-
matically alter the effects of blooms on seagrasses,
urging caution in the extrapolation of studies that
focus on a single year without providing context for
how that year compares to mean conditions. Our
38 mo study showed that a large Ulva bloom had dra-
matic, negative effects on eelgrass density that per-
sisted for several months, but eelgrass recovered
prior to the next bloom season. The small magnitude
of blooms in the 2 yr prior to the severe bloom in 2006
may have contributed to the resilience of the eelgrass
in our study and reduced community level effects,
and the effects of consecutive years of large blooms
may be more persistent. These blooms appear to be a
natural seasonal component of this ecosystem,
although it is unclear what factors are driving the
variation. Further investigations across additional
years may help link environmental and perhaps bio-
logical drivers with bloom magnitude and allow
stronger predictions of bloom intensity and effects on
seagrass ecosystems.
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