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Abstract

Benthic primary producer abundance and satellite-derived chlorophyll concentrations are strongly negatively
correlated along the Oregon and Northern California coast, suggesting an antagonistic interaction. Direct field
observations of interannual and among-site changes in abundance of low intertidal macrophytes also suggest a negative
interaction. Several years (2001–2006) of quantification of surf-zone chlorophyll concentrations and light reaching the
intertidal benthos suggested that severe light attenuation from dense phytoplankton blooms is an important mechanism
underlying this inverse phytoplankton–macrophyte relationship. From early June to September of 2004 we quantified
the response of the intertidal kelp Saccharina sessile to experimentally manipulated light regimes that mimicked the
attenuation during blooms. Shading frames were installed in the low intertidal zone to manipulate the light levels
available to the benthos at two sites of contrasting long-term differences in average phytoplankton abundance.
Treatments included shaded and unshaded plots that were 0.25 m2 in area. Although the magnitude of the effect was
context-dependent, shading strongly decreased growth rates and abundance of S. sessile. These results are comparable
to results in estuarine studies that have demonstrated adverse effects on benthic macrophytes as a result of
eutrophication and subsequent light limitation and are the first demonstration of phytoplankton-induced light
limitation for energetic open coasts. In these systems where annual benthic production can exceed the pelagic production
and where perennial macrophytes such as kelp and surf grasses are important habitat modifiers, large-scale reduction of
macrophytes via phytoplankton shading could lead to profound modifications of coastal ecosystem dynamics.

Models of global warming and increased anthropogenic
alteration of biogeochemical cycles generally predict
marked changes in phytoplankton primary production
and abundances in the coastal ocean (Justic et al. 1996;
Boyd and Doney 2002). Models of oceanographic regime
shift (e.g., El Nino Southern Oscillation, Pacific Decadal
Oscillation) also focus on changes in planktonic-based
production and abundance (Mantua et al. 1997); when
changes in phytoplankton abundances occur, the resultant
alteration of ‘‘bottom-up’’ effects are of great potential
importance to coastal marine ecosystems (e.g., Bustamante
et al. 1995; Menge et al. 1997). With higher phytoplankton
concentrations, for example, growth and survival of
planktotrophic larvae and filter-feeding sessile inverte-
brates seem likely to increase (Phillips 2005; Menge et al.
2008), with resultant changes in interaction strengths and
community structure (Menge et al. 1996). Another poten-
tial consequence of phytoplankton blooms, the effects of
shading on benthic macrophyte communities, is poorly
known in energetic, open-coast systems.
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Benthic macrophyte assemblages are critical to biogeo-
chemical cycles and ecological interactions. Open-coast
systems can often support net benthic primary production
of over 1000 g C m22 yr21 (Borum and Sand-Jensen 1996).
In these regions, annual net primary production (m22) of
perennial kelps and sea grasses can be 5 (Borum and Sand-
Jensen 1996) to 10 times (Mann 1972) greater than that of
phytoplankton. Kelps also have important roles as
ecosystem engineers (Jones et al. 1994) and provide nursery
habitat for commercially important fish and invertebrates
(Mann 1972; Steneck et al. 2002). A shift in dominance
from benthic macrophytes to phytoplankton not only
would have profound ecological effects but also may
reduce the productivity of coastal ecosystems.

Previous studies in estuaries demonstrate the potential
of phytoplankton to outcompete macroalgae and sea-
grasses for light, resulting in dramatic shifts in benthic
macrophyte assemblages (Lavery et al. 1991; Valiela et al.
1997), especially in eutrophic conditions and where
residence times of water are high. In high-energy, open-
coast systems, the potential for phytoplankton shading to
stunt intertidal macrophyte growth has been generally
thought to be limited (Dring 1987). However, recent
measurements of light attenuation along the upwelling-
dominated central Oregon coast have been extraordinarily
high during summer phytoplankton blooms (i.e., July
2001: Kd 5 1.7–3; Nielsen et al. unpubl.). Because
photosynthesis of intertidal algae may be curtailed during
emersion (Williams and Dethier 2005), there is the
potential for bio-optical properties in the water column
to affect algal-dominated communities even in energetic
intertidal regions of open coast.

Here we present the results of three analyses. First, we
investigate the regional patterns of abundance of benthic
macrophytes and nearshore phytoplankton. Second, we
examine the patterns of abundances of these primary
producers over 5 yr in two regions that, despite similar
upwelling dynamics, have historically varying phytoplank-
ton standing stock. Third, we report the results of a
manipulative field experiment in which we tested the
hypothesis that the growth rate of the low intertidal kelp
Saccharina sessile (formerly Hedophyllum sessile Setchell;
Lane et al. 2006) is limited by light availability during
summer blooms along the Oregon coast. We used a
combination of modeling, experimental manipulation,
and in situ measurements of frond elongation and relative
abundance of S. sessile under different light regimes at two
sites with persistently different phytoplankton abundances.
After establishing an ecologically relevant range of light
attenuation, we focus on the following questions: (1) what
is the influence of reduced light intensity on variation in
kelp growth and abundance? and (2) how does this effect
vary through space and time?

Methods

Regional and temporal context—Satellite ocean color
imagery from the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) was used to establish the spatiotemporal
context of phytoplankton standing stock. Standard level

3–mapped derived chlorophyll a (Chl a) concentrations and
integrated photosynthetically active radiation (PAR) were
downloaded (http://oceancolor.gsfc.nasa.gov/), and a time
or space series was constructed from the nearest visible
pixel adjacent (due west) to sites where macrophyte
abundance had been previously assessed. Low-zone inter-
tidal macroalgal abundance was quantified in a spatially
nested design using the transect quadrat method described
in Schoch et al. (2006). For our analysis, total macrophyte
cover was determined as the sum of individual species’
cover per quadrat; because both understory and canopy
percentage cover were estimated, total cover could exceed
100%. Quadrat-level data were averaged to the transect
level and then transect-level averages were reported for
each site (n 5 3).

To quantify the relationship between macrophyte
abundance and phytoplankton concentration, we con-
ducted two separate linear regression analyses using
macrophyte abundance and satellite-derived Chl a data
described above. The first analysis explored the relation-
ship between benthic macrophyte abundance and mean
summer Chl a concentrations for a single year (2002) at
several sites along the west coast of the U.S. (Table 1;
Fig. 1). The second comparison focused on changes in Chl
a and benthic macrophyte abundance over time at two
sites: Fogarty Creek (FC) and Strawberry Hill (SH)
(further described in next section). Eight-day composites
of satellite-derived Chl a concentrations were binned into
a single ‘‘annual’’ mean for May through July for each
year (1998–2006) to correspond with the general timing of
macrophyte surveys. Macrophyte data were available only
from 2000 to 2004; therefore, the temporal comparison of
macrophyte abundance as a function of Chl a is
constrained to 5 yr.

Field experiment—Study sites: The field experiment was
conducted at two sites on the central Oregon coast: FC
(44.84uN, 124.05uW), a site on Cape Foulweather, and SH
(44.24uN, 124.11uW), a site on Cape Perpetua (Fig. 1).
These sites have similar patterns of upwelling and
macronutrient concentrations (Menge et al. 1997) yet
different levels of phytoplankton standing stock (Menge
et al. 1997; Leslie et al. 2005). The sites are also
characterized by differences in relative abundances of
sessile invertebrates and macrophytes. FC has high relative
abundances of macroalgae and low relative abundances of
sessile filter feeders such as barnacles and mussels. The
reverse is true for SH (Menge et al. 1997).

Field observations taken during 15+ yr of intensive field
studies have demonstrated that the two sites also differ in
several physical parameters. Air temperatures tend to be
slightly higher at SH (Menge et al. 1997; Halpin et al. 2004);
sand deposition is high at SH (Trowbridge 1996; Menge et al.
1997) and low at FC. Furthermore, the continental shelf is
wider at SH and could facilitate greater larval and or
phytoplankton retention (Menge et al. 1997). Here, the
upwelling front can move offshore, allowing for seasonal
recirculation of water (Kirincich et al. 2005), and thereby
providing a physical mechanism for retention of water and
subsequent accumulation of phytoplankton biomass.
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Modeling the intertidal light environment: Because
carbon limitation may constrain photosynthesis by inter-
tidal macroalgae during emersion (e.g., Williams and
Dethier 2005), three factors control the effective daily dose
of PAR: the length of time immersed, the downwelling
intensity of PAR during immersion, and the attenuation of
PAR during immersion by the overlying water column. To
determine an ecologically relevant level of shading, we
modeled PAR, mean water depth, and attenuation over a
complete spring tidal cycle (early July 2001).

The downwelling light available to the low intertidal
during high phytoplankton biomass was modeled using the
Beer-Lambert Law:

Ez ~ E0e{KdPARz ð1Þ

where Ez is the modeled irradiance at the benthos. E0 is the
modeled surface irradiance using a 16-h day length imposed
on a Gaussian-like light intensity curve (maximum 5
2000 mmol m22 s21 at 12:00 h). KdPAR is the average
attenuation coefficient previously measured for central
Oregon coast sites during bloom conditions (1.7–3.0 m21;
Nielsen et al., unpubl.), and z is the tidally modulated depth
of the water column above the S. sessile zone calculated as
the difference between the tidal height of the S. sessile zone
(1 m below mean sea level; M. T. Kavanaugh unpubl.) and
the predicted tidal height from an existing tidal model
(Tides and Currents, 1999, Nobeltec). Converting the range
of attenuation to time-integrated transmittance (Ez : E0

over the ,14-d spring tide cycle) suggests that only 28–39%
of the mean diel incident irradiation was transmitted and
therefore available to the benthos along the Oregon coast.
Considering only times during immersion, these values fell
to 12–26%. We do not know the degree to which

photosynthesis in S. sessile is curtailed during emersion;
the more conservative values were used to determine the
level of experimental shading described in the light
manipulation section below.

To put the transmissivity of the shades into historical
and broader ecological context, we modeled transmissivity
over a range of Chl a concentrations using a static,
empirical, chlorophyll-specific attenuation coefficient (kc).
Light attenuation by phytoplankton (Kphyto) is dependent
on phytoplankton biomass (Bc; often expressed as [Chl a])
and the specific vertical attenuation (kc) per unit of
phytoplankton (Morel 1988):

Kphyto ~ Bc | kc ð2Þ

Morel (1988) reports a dynamic kc for blue water that
decreases exponentially with [Chl a] because of self-shading
or packaging of pigments within the cell (0.2–0.007 m2 mg
Chl a21). However, the Morel equation has been validated
only for Chl a concentrations up to 30 mg m23; surf-zone
Chl a concentrations along the Oregon coast have reached
levels at least five times that (Grantham et al. 2004). In this
analysis we used a static estimate of kc to represent the
relatively shallow and well-mixed surf zone that overlies
intertidal habitats, because our empirical estimate of kc was
best described as a linear relationship between KdPAR and

Table 1. Sites included in regional analysis comparing
satellite-derived [Chl a] and benthic macrophyte abundance (%
cover). See Fig. 1.

Site Name
Latitude

(uN)
Longitude

(uW)

Ecola Point 45.92 123.98
Cape Falcon 45.77 123.98
Smugglers Cove 45.76 123.97
Fogarty Creek and Boiler Bay 44.83 124.06
Depoe Bay 44.81 124.06
Otter Crest 44.75 124.07
Strawberry Hill 44.25 124.11
Tokatee Klootchman 44.20 124.12
Qochyax Island 43.33 124.38
Cape Arago 43.31 124.41
Trinidad Head 41.07 124.16
Kibesillah Hill 39.60 123.79
Todd Point 39.42 123.82
Point Cabrillo Lighthouse 39.35 123.83
Van Damme State Park 39.28 123.80
Mussel Point 38.32 123.08
Horseshoe Cove 38.32 123.07
Point Lobos 36.52 121.95
Malpaso Creek 36.48 121.94
Soberanes Point 36.45 121.93

Fig. 1. Map of region of U.S. west coast highlighting region
of interest on the central Oregon coast with field sites, SH
(44.24uN, 124.11uW) and FC (44.84uN, 124.05uW). The linear
distance between sites is approximately 70 km. Open circles
denote sites included in regional comparison of satellite-derived
[Chl a] and benthic macrophyte abundances. Points of spatially
proximal sites may overlap on the figure.
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Chl a concentration (Kirk 1994). We empirically derived kc

from measured attenuation of PAR and extracted Chl a
(Nielsen et al. unpubl.) from four sites along the central and
southern Oregon coast during the period of 09 July–30
August 2001. Binning daily values to 7-d averages, the
following relationship was determined:

Kd PARð Þ~ 0:785 z 1:16log10 Chl a½ �,

R2 ~ 0:65, F1,12 ~ 20:7, p ~ 0:001
� � ð3Þ

Using the slope of Eq. 3 to solve for Eq. 2, we derive a kc

5 0.02 m2 mg Chl a21, a value within the range of values
reported by previous investigators. In a meta-analysis of
over 400 temperate fresh and marine waters, Krause-Jensen
and Sand-Jensen (1998) reported static kc 5 0.004–
0.029 m2 mg Chl a21, and Kirk (1994) reported kc 5
0.016 m2 mg Chl a21 for mixed assemblages in various
oceanic and coastal waters. Furthermore, because the
downward attenuation of light is described as the sum of
attenuation by water, dissolved organic matter (DOM),
detritus, and phytoplankton (Kirk, 1994), the single-
variable equation in Eq. 3 assumes that Kphyto is the
dominant term in controlling variations in Kd or that Kphyto

is a reasonable proxy for KDOM and Kdetritus in phyto-
plankton-rich coastal waters where phytoplankton-derived
organic materials dominate particulate and dissolved
organic carbon pools over weekly time scales. Replacing
KdPAR in Eq. 1 with our empirically derived Kphyto and
solving for Ez : E0 at 1-m depth, we modeled the transmis-
sion of light to the S. sessile zone over a range of Chl a
concentrations.

Photosynthetically usable radiation and spectral overlap:
Phytoplankton absorb light of different spectral qualities,
thereby altering the photosynthetically usable radiation
reaching the benthos (Sullivan et al. 1984). Although
diatoms and kelps may be expected to have similar
absorption spectra because of phylogenetic similarities of
chlorophyll types and accessory pigments (e.g., fucoxan-
thin), the relative absorption by accessory pigments as
compared to Chl a may vary, as can the dominance of
diatoms in the phytoplankton assemblage. To determine
the effect of coastal phytoplankton on light quality, we
compared the relative absorbance capacity of S. sessile to
that of a common coastal diatom (Thalassiosira weissflogii)
in culture, and to a mixed phytoplankton assemblage from
nearshore waters along the Oregon coast. Because in situ
phytoplankton samples were not specifically collected for
spectral qualities during the experiment, we used informa-
tion gathered previously (June 2001, 44.42uN, 124.16uW;
Letelier, unpubl.). 50-mL seawater samples were filtered
onto a 25-mm glass fiber filter and frozen in liquid nitrogen
for later extraction. S. sessile tissue samples (n 5 10) were
collected in April 2004 from SH only, frozen in liquid
nitrogen in the field, and stored in the lab at 280uC for
later analysis. All samples were extracted in 15 mL high-
performance liquid chromatography–grade acetone in the
dark for 48 h at 215uC; absorbance spectra were analyzed
using a CARY Bio-300 UV visible spectrometer. Each

spectrum was normalized to its individual maximal
absorbance.

Manipulating the light available to S. sessile: The use of
shaded plots in field experimentation has been effective in
isolating temperature and light effects in rocky intertidal
habitats (Harley 2002; Burnaford 2004). To manipulate
light input to S. sessile, shades covering 50 3 50-cm plots
were installed in the lower intertidal zone. Shades were
designed by attaching VexarH mesh (4-mm mesh size,
neutral spectral density) to a stainless steel frame.
Stainless steel all-thread supports were inserted approx-
imately 15 cm into holes drilled into the bedrock, and
cemented into the holes with marine epoxy (Z*SPAR,
Kop-Coat). The shading mesh was elevated approxi-
mately 20 cm over the rock surface. The goal of the
design was to block an ecologically relevant percentage of
the light and to provide a structure that would resist wave
action and allow ample water flow. To minimize
potential alteration of flow by the mesh, shades were
not extended down the sides of the supports. PAR values
were determined using a hand-held quantum meter
(Model QSX-01, Apogee) during a period of emersion.
Shades transmitted between 25% and 40% of PAR at the
center of the plot. Because these measurements were
conducted in late morning and did not incorporate low
sun angles, daily integrated transmissivities were likely
higher. The experiment was monitored biweekly; during
monitoring, the few torn shades were repaired and
fouling organisms were removed. Thus, the relative
percentage of light blocked remained fairly constant
through the duration of the experiment.

We monitored the growth and abundance of S. sessile
under experimentally manipulated light conditions over the
course of a growing season, early June–September 2004.
We focused on S. sessile for the growth measurements
because it is a competitive dominant (Paine 1984; Dayton
1985), and has high relative abundance (,45–100% cover,
this study) in the low zone at both FC and SH. Like other
kelps, S. sessile is also likely to experience increased growth
during the upwelling season, a time when increased nutrient
supply can also trigger dense phytoplankton blooms in
coastal waters. S. sessile is a biennial kelp that grows in two
sporophyte morphologies: a bullate morph prevalent in
sheltered habitats and a strap-like morph prevalent in
wave-exposed habitats (Armstrong 1989). We focused on
first-year sporophytes of the latter morphology for the
growth measurements. To quantify growth rates, a 3-mm
hole was punched 5 cm from the base (to avoid damaging
the meristem) during each visit (Kain 1976; Larkum 1986).
Growth was calculated as the mean difference between the
previous hole and the new hole.

We haphazardly set up plots centered over S. sessile
thalli through the middle of the S. sessile zone at each site.
All plots faced approximately west; mean elevation of
plots did not differ between sites and ranged from 0.94 to
1.05 m below mean sea level. Three treatments were
applied: an artificially shaded plot in which S. sessile
blades were trimmed to 15 cm to avoid abrasion effects of
the mesh on the kelp blades (+shade, +trim), a non-shaded

Intertidal light limitation 279



control (2shade, +trim) in which plots were marked and
S. sessile was trimmed to 15 cm, and an unmanipulated
reference plot (2shade, 2trim) that controlled for
trimming. Blades in the +trim treatments were re-trimmed
to 15 cm during each visit. A +shade, 2trim plot was not
included in the design because the measurement of growth
would likely be confounded by abrasion effects. Each
treatment had five replicates, for a total of 15 plots per
site. Several (4–5) S. sessile fronds were subsampled in
each plot to increase precision; variance in elongation was
quantified at the plot level. To monitor changes in
abundance at both sites, percentage cover and density of
S. sessile were quantified during each visit using visual
estimates (Dethier et al. 1993).

Physiologically, light limitation is defined as the
decrease in photosynthesis or growth caused by reducing
available PAR from saturating to subsaturating irradi-
ances. At the end of the experiment (mid-September
2004), photosynthesis vs. irradiance curves were assessed
using a diving pulse-amplitude modulated (PAM) fluo-
rometer (Heinz Walz GmbH) to determine the range of
subsaturating irradiances for S. sessile. Because light
history can affect the quantum yield of fluorescence in
kelps on scales of a few hours (Nielsen et al. 2006), blades
from unmanipulated plots (n 5 5) at both sites were
brought into the lab and dark-adapted in artificial
seawater at 8uC for 24 h prior to measurement. Leaf
clips were attached in the dark and rapid light curves
(Genty et al. 1989; Falkowski and Raven 1997) were
measured by applying a series of nine increasing actinic
irradiances (duration 20 s) and determining the quantum
yield of photosynthesis (Wp) for each irradiance increment
using the PAM fluorometer. Electron transport rate
(ETR), a proxy for the light reactions of photosynthesis
(Falkowski and Raven 1997) was estimated using the
general formula

ETR ~ Wp | E | 0:5 | A ð4Þ

where E is the calibrated PAR from the PAM fluorometer
and A is the absorptance. Because frond absorptance data
were not collected, we used the default value of 0.84 to
calculate the relative ETR. Maximal ETR, the slope of
light-dependent ETR (a), and the derived light saturation
parameter (Ek) were modeled from the resultant light
curves using the following standard negative exponential
equation (Falkowski and Raven 1997):

ETR ~ ETRmax 1 { e{aE:ETRmax
� �� �

ð5Þ

and

Ek ~ ETRmax : a ð6Þ

A photoinhibition term was not included because raw
data did not exhibit decreased ETR at high irradiance and
models failed to converge if the parameter was included.
Parameters were estimated using the nlinfit function in
Matlab (2007 version), which provides least squares
parameter estimates using the Gauss-Newton algorithm
with Levenberg-Marquardt modifications for global con-

vergence. Linearity was assessed by investigating the
residuals of the observed and fitted responses. Because of
potential inter-site and interindividual differences in
absorptance, only Ek values were statistically compared
between sites, because this parameter is not sensitive to
variations in absorptances. Ek values were then compared
to ambient PAR levels typical of the two sites, the
subsequent reduction in PAR afforded by experimental
shades, and the natural attenuation during periods of
immersion under high phytoplankton biomass.

Environmental measurements—Local processes can lead
to differences in total irradiance and phytoplankton
biomass in the water column, subsequently affecting the
growth of S. sessile. Chl a was extracted from bottle
samples taken from the surf zone (Menge et al. 1997, 2008);
because sampling frequency varied between sites and
between years, only monthly means (6SEM) are reported.
Eight-day composites of SeaWiFS-derived PAR were
downloaded for the pixel nearest to each of the sites.
Because of the timescale mismatch between the PAR data
and tidal cycles, we could compare PAR differences only
between sites and not directly to kelp growth. We
attempted to measure PAR directly using sensors installed
in the lower intertidal and supralittoral zones at both sites,
but three of the four sensors failed within 3 weeks of
deployment so no useful data were available for this study.

To quantify sediment content in water flowing over the
plots, we installed mesh-enclosed sponges, DobiesH, at each
experimental block at both sites. Dobies were collected and
replaced every 2 weeks throughout the duration of the
experiment. The sponges were thoroughly rinsed over a 53-
mm sieve, capturing larger organic particulates and sand,
thus providing a relative means of comparing between sites.
Samples were dried at 67uC for 2 d, weighed, combusted at
400uC in a muffle furnace, and reweighed to estimate the
sand and organic content of each sample. We also
measured sediment accumulation in the plots by visual
estimates of percentage cover (Dethier et al. 1993).

Variability in nutrient availability and temperature at
different scales can lead to differences in growth among
treatments and between sites. Data regarding upwelling
strength (Bakun Index) were downloaded from the
National Oceanic and Atmospheric Administration’s Pa-
cific Fisheries Environmental Laboratory (http://pfel.noaa.
gov), binned into 2-week means for the period prior to
growth measurement, and compared to growth rates of
unmanipulated S. sessile fronds across both sites. Because
of the coarse spatial nature of the Bakun Index, site-level
variability could not be resolved. To quantify water flow in
the plots, we used dental chalk flow blocks (Doty 1971).
The chalk blocks were deployed in the center of shaded and
unshaded treatments at both sites simultaneously four
times during the season. Dry weight loss during the
deployment provided an estimate of relative flow. In situ
temperature was recorded with Hobo Stowaway underwa-
ter temperature loggers attached to the rock near the plot in
stainless steel mesh housings. The loggers thus provided
estimates of both air temperature (at low tide) and water
temperature (at high tide). Plot slope, which could
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confound both the effects of light and temperature, was
estimated using an inclinometer, with accuracy to 63u.

Statistical analysis—In order to test the hypothesis that
bloom-equivalent light regimes could limit kelp growth, we
used a multifactor repeated measures analysis of variance
(rmANOVA; Anderson 1978) to determine the relative
magnitude and persistence of the effects of shading and site
on the growth rate of S. sessile. Because the manipulation
control was added in mid-June, time periods considered for
repeated measures were subsequent to this treatment
addition. For all analyses, the more conservative multivar-
iate approach was used. To test the effect of shading on
accumulated algal abundance across treatments and
between sites, defined as the difference between initial
and final percentage cover of S. sessile (mid-June to end of
August 2004), we used analysis of variance (ANOVA).

To account for effects of non-manipulated physical
factors, we tested for site and treatment differences in plot
slope, mean flow, sediment accumulation, organic matter
accumulation, and water column Chl a concentrations
(bottle samples) using ANOVA. We used paired t-tests to
test for between-site differences in mean daily water and air
temperatures, mean daily temperature maxima, mean daily
temperature range, 8-d SeaWiFS-derived PAR, and 8-d
SeaWIFS-derived Chl a. We used a mixed forward and
backward stepwise multiple linear regression to determine
the relative effect size on S. sessile growth rates of
treatment, site, site 3 treatment interaction, slope, sedi-
ment accumulation, organic matter accumulation, and
mean percentage cover of sand (visually estimated in
0.25-m2 quadrats). Explanatory variables were sequentially
added and removed with p(include) 5 p(exclude) 5 0.25.
The best fit model was determined by maximizing the
adjusted R2 and minimizing the Akaike Information
Criterion (AIC). All statistical analyses were performed
using JMP V.4 and SAS V.8.1 software.

Results

Spatiotemporal context—Across sites ranging from 35uN
to 48uN, low-zone macrophyte abundance and nearshore
phytoplankton abundance (satellite-derived Chl a) were
negatively correlated (Table 2; Fig. 2; p , 0.001). However,
considering only northern California (Cape Mendocino) to
Oregon (39–46uN), the relationship was much stronger
(Table 2). Thus, Chl a concentrations greater than
,15 mg m23 were associated with low-zone macroalgal
covers of less than 100% (Fig. 2; Table 2). Because of land-
masking and increased incidence of clouds, the nearest pixel
assessed for Chl a could be ,9 km offshore; concentrations
over intertidal and subtidal reefs are probably higher
(Menge et al. 1997).

Temporal shifts in the abundances of pelagic and benthic
primary producers may be site-specific (Table 2, Fig. 3).
Satellite-derived Chl a concentrations were higher off of SH
during the years 2001–2003 than in previous or subsequent
years (Fig. 3). Site-level macrophyte abundances sharply
decreased at both sites over the period of observation, and
the apparent recovery at SH in 2004 was matched by a
concurrent drop in nearshore Chl a concentrations (Fig. 3;
Table 2). At SH, an increase of 11.2 mg m23 Chl a was
associated with a decrease from 122% to less than 100%
cover of low zone algae. The interannual pattern was less
apparent off FC; although macrophytes did decline at this
site from 2000–2002 (Fig. 3), this was not correlated with
Chl a concentrations (Table 2).

Phytoplankton effects on the intertidal light environment—
According to our modeled relationship, only 20% of
surface irradiance is available at the mean depth of S.
sessile with 20 mg Chl a m23 in the water column (Fig. 4).
At this concentration of Chl a the resultant transmissivity is
less than even that of the experimental shades (25–40%).
Using the smaller kc from Kirk (1994), the experimental

Fig. 2. Regional correlation of SeaWiFS derived summer
Chl a concentrations and benthic macrophyte abundances in
wave-exposed low rocky intertidal zones.

Table 2. Spatiotemporal relationships of phytoplankton
abundances and benthic macrophyte abundances in upwelling-
dominated regions along the U.S. west coast. Phytoplankton
standing stock was assessed using nearest pixel SeaWiFS 9-km
summer averages for standard Chl a product (space) or May–July
averages derived from 8-d standard Chl a product (time). Data in
spatial comparisons were from summer 2002 and spanned the
region of 35–46uN. Temporal analyses compared nearshore
phytoplankton abundances to macrophyte abundance at
Strawberry Hill (SH) and Fogarty Creek (FC) for 2000–2004.
All results follow the following general formula: benthic
macrophyte abundance (% cover)5slope3nearshore Chl a
(mg m23)+intercept. Values significant at p,0.05 are in boldface.

Slope Intercept
R2

(adjusted) n F p

Space
35–46uN 23.33 159 0.56 20 25.1 0.001
39–46uN 23.75 157 0.72 15 36.3 0.0001

Time
SH (44.23uN) 22.00 122 0.78 5 15.1 0.03
FC (44.83uN) 26.66 178 0.12 5 4.28 0.301
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shading was ecologically relevant at pigment concentra-
tions greater than 60 mg Chl a m23, which still occurred
frequently (Fig. 5).

Surf-zone Chl a concentrations (from shore-based
samples of extracted Chl a) were much lower in 2004 than
in the previous 3 yr (Fig. 5). From 2001 to 2003, Chl a
concentrations in the surf zone had summer peaks in July
and August, reaching maxima between 55 and 110 mg Chl
a m23 at SH and less than 20 mg Chl a m23 at FC. In 2004,
concentrations were much less than in previous years, and
site-level differences were weakly reversed (Figs. 3, 5;
SHmax 5 26 mg Chl a m23, FCmax 5 53 mg Chl a m23).
Satellite-derived Chl a concentrations were also low and
did not differ between sites that year (Table 3). Considering
only years with sampling frequency greater than one per
month (2002–2004), nearshore (satellite-derived) and surf-

zone (extracted) Chl a concentrations were positively
correlated on coarse time scales (sites pooled, May–July
averages; mean extracted [Chl a] 5 21.88 + 1.29 3 [mean
satellite-derived [Chl a]]; R2 5 0.75, F1,5 5 15.93, p 5
0.016).

Comparing the absorption of S. sessile, a common
coastal diatom, and a mixed nearshore phytoplankton
assemblage revealed near-complete spectral overlap
(Fig. 6). The light available to kelps would be determined
by the spectrally weighted absorption of the phytoplankton
in the overlying water column. High phytoplankton
abundance along the Oregon coast therefore would
diminish the total quantity of light to the benthos and
specifically in the wavelengths that the kelp most readily
utilizes.

Physical characteristics—Ambient PAR (as derived by
the SeaWiFS sensor) was slightly higher at SH than at FC
for the duration of the study (Table 3). Sand accumulation
was several times greater at SH than at FC (Table 3).
Particulate organic matter did not differ between the two
sites (Table 3). Visual estimates of percentage cover of sand
in experimental plots revealed a pattern similar to that
occurring in collectors; sand covered more space in plots at
SH than at FC (rmANOVA 5–6% at SH compared to 0 at
FC, p , 0.05).

Because of the coarse spatial resolution of the wind-
derived indices, upwelling differences between sites could
not be resolved. Mean growth rate (pooled across sites) was
positively correlated with upwelling through time (cm d21

5 0.087 m3 s21 100 m21 + 0.007 cm d21; R2 5 0.77, F1,5 5
18.4, p 5 0.013). However, autocorrelation could not be
assessed with such a short time series (t 5 6), and thus the
degrees of freedom and the power of the relationship were
likely inflated (Chatfield, 2004).

Chalk dissolution rates were slightly higher beneath the
shades when averaged across both sites and through all

Fig. 3. Temporal patterns of SeaWiFS-derived Chl a con-
centrations and benthic macrophyte abundances for SH and FC.

Fig. 4. Transmissivity with varying modeled pigment con-
centration comparing the effect of two different values for the
specific Chl a attenuation, kc: this study and Kirk (1994). The
range of transmissivity afforded by experimental shades is
overlaid. Experimental plots were approximately 1 m below mean
sea level.

Fig. 5. Mean surf-zone Chl a concentrations (6SEM)
extracted from bottle samples along the central Oregon coast
during May–August of 2001–2004. Horizontal lines represent the
Chl a equivalents of experimental shades as defined in Figure 4.
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measurements in time (2shade 5 1.79 g, +shade 5 1.98 g,
F1,73 5 4.47, p 5 0.04). This slight but real difference could
be because of a ‘‘chute’’ effect, or channeling of the water
volume beneath the experimental shade. Dissolution rates
did not differ between sites or between treatments within
sites (Table 3). Mean air temperature was 1.2uC higher at
SH than at FC (Table 3) and mean water temperature was
marginally warmer (0.25uC). Plot slope did not differ
between sites or treatments (Table 3).

Experimental results—Effect of shading: S. sessile
growth rate was less in the +shade treatment than in
either of the control plots (2shade and manipulation
control; Fig. 7). Growth of S. sessile was context-
dependent (Table 4; between-subjects site 3 shade
interaction) with the shade effect being stronger at SH
than at FC (Fig. 7). Repeated measures ANOVA
revealed no differences in growth rates of unshaded S.

sessile between sites (Table 4). The strength of the
shading effect also varied through time (Table 4; with-
in-subjects time 3 shade interaction) with the greatest
effect being in mid- and late July 2004 (Fig. 7). S. sessile
growth rate did not differ between the two control
treatments (–shade and manipulation control; Table 5),
though the effect of each control varied through time
(Table 5, within-subjects time 3 treatment interaction).

The effects of shading on percentage cover of S. sessile
were similar to those on growth. Together, shade, site, and
shade 3 site interaction explained over half of the variance
in percentage cover of S. sessile (ANOVA, R2 5 0.52, F3,26

5 9.4, p , 0.001). Across sites, unshaded plots increased
in cover more than shaded (Fig. 8; shade effect 5 216.7%;
ANOVA, F1,26 5 14.6, p , 0.001) and overall increases in
relative abundances were less (or actually decreased) at FC
(site effect 5 27.4%, F1,26 5 13.6, p , 0.001). The effect
of shade on cover did not vary with site (F1,26 5 0.09, p 5
0.76 ). Surveys prior to the initiation of the experiment
(May 2004) revealed no differences in relative abundances
of S. sessile between sites (mean percentage cover 6 95%
confidence interval [CI]: FC 5 44 6 16%, SH 5 53 6
13.8%; F1,18 5 0.92, p 5 0.35) or in the densities of thalli
between sites (mean individuals m22 6 95% CI: FC 5 28.4
6 5.4, SH 5 32.5 6 14.7; F1,23 5 0.21, p 5 0.65). Because
of splitting of blades and merging of haptera-like
holdfasts, determining individual sporophytes became
difficult; densities were only available for initial condi-
tions.

S. sessile at SH saturated at a higher irradiance than that
at FC (SH Ek 5 142.6 mmol m22 s21 . FC Ek 5
86 mmol m22 s21; ANOVA, F1,8 5 14.3, p 5 0.0069).
Less-than-saturating irradiances occurred beneath the
experimental shades as well as during periods of high
plankton biomass (Fig. 9). Because of the length of dark
acclimation, we recognize that these Ek values may be
substantially lower than what would occur later in a diel
cycle (e.g., Nielsen et al. 2006).

Influence of other factors: Using grand means of S.
sessile growth rates across all measurements in time (n 5

Fig. 6. The relative PAR absorbance capacity of the
intertidal kelp S. sessile as compared to a common nearshore
diatom and a nearshore mixed assemblage of phytoplankton.
Absorbances are normalized to individual maxima to account for
differences in biomass.

Table 3. Differences in site-level physical parameters. Values represent grand means (number of replicates in parentheses). Boldface
values are significantly different from each other at the p,0.05 level. Slope is represented by vertical degrees. Flow is represented by the
mean change in mass of in situ chalk blocks because of erosion. Sand and organic matter are represented by the mean mass deposited in
Dobie collectors. Emersed and immersed temperatures are a result of detiding the same Hobo tidbit. Sea-viewing Wide Field-of-view
Sensor (SeaWiFS)-derived chlorophyll a (Chl a) and photosynthetically active radiation (PAR) are 8-d composites from the nearest pixel
to the intertidal site.

Fogarty Creek Strawberry Hill t statistic

Slope (degrees; n530) 13 16.5 1.67
Flow (g lost; n520) 1.93 1.85 1.15
Sand in collectors (g; n510) 0.96 5.86 10.63
Organic matter in collectors (g; n510) 0.073 0.075 0.343
Daily avg. temp. emersed (uC; 01 Jun–30 Jul 2004; n540) 12.37 13.45 4.16
Daily avg. temp. immersed (uC; 01 Jun–30 Jul 2004; n560) 10.91 11.17 2.08
Daily avg. temp. (uC; 01 Jun–30 Jul 2004; n560) 11.09 11.33 2.30
SeaWiFS-derived Chl a (mg m23; 20 May–30 Jul 2004; n510) 11.6 8.25 1.21
SeaWiFS-derived PAR (mol m22 d21; 20 May–30 Jul 2004; n510) 50 53 4.81
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30), three explanatory variables (shading, trimming, and
site) remained after forward and backward stepwise
regression (Table 6). Variables eliminated included slope,
mean organic matter, and mean percentage cover of sand.
A 60–75% reduction in downward irradiance led to a
mean decrease in growth rate of approximately 25%
overall (Table 6; mean growth rate 5 0.32 cm d21; mean
shade effect 5 20.078 cm d21) and accounted for over
72% of the variance in growth of S. sessile (Table 6;
‘‘reduced’’ model, shade only; R2 5 0.72). Trimming, after
accounting for the shade effect, still had a negative effect on
mean growth rate, although its magnitude was approxi-
mately one third that of shading (Table 6; trim effect 5
20.027). Finally, in contrast to rmANOVA, the stepwise
linear regression revealed that overall growth rates at FC
were approximately 0.06 cm d21 less than at SH after
accounting for shading, trimming, and the site 3 shade
interaction (Table 6; p , 0.01). These additional variables,
however, contributed only an additional 10% of the variance
explained compared to the reduced model of shade only
(Table 6). Furthermore, several eliminated variables (i.e.,
sediment and slope) covary with site. When site was not
included in the initial model, only shading remained as an
explanatory variable (R2 5 0.72, F1,26 5 90.6, p , 0.001).

Discussion

General patterns—Increased phytoplankton abundance
was associated with decreased benthic macroalgal abun-
dance in regions dominated by upwelling along the U.S.
west coast. The pattern was enhanced for the regions
spanning 39–46uN. In the summer of 2002, during a period
of atypically high phytoplankton biomass (Thomas et al.
2003), over 70% of the observed variance in site-level
macrophyte abundance was explained by nearshore Chl a
concentrations. This result is in agreement with the

negative correlation at local scales documented for
SeaWiFS-derived Chl a and the kelp Macrocystis (Broit-
man and Kinlan 2006). At SH (44.23uN), the pattern was
also apparent through time, with high phytoplankton
abundances associated with decreased macrophyte abun-
dances and recovery when phytoplankton abundances were
atypically low (2004). This temporal pattern was not
evident at FC (44.83uN), which may be expected in a
region with a narrower shelf and likely less phytoplankton
retention.

Satellite-derived Chl a concentrations in excess of
15.2 mg m23 regionally and 11.2 mg m23 for SH were
associated with macroalgal covers of less than 100%. For
a given algal-dominated stretch of coastline, this reduc-
tion is analogous to a shift from a multilayered canopy to
one with a single layer or to a patch with open spaces
where sessile invertebrates can recruit. In addition to
changing the light environment, high phytoplankton
abundance also favors the growth of sessile invertebrates
(Sanford and Menge 2001; Menge et al. 2008), which are
considered to be better competitors for space than

Fig. 7. Effect of shading on S. sessile growth, May–August
2004. Growth rates (6 SEM) are shown for S. sessile in two
treatments: shaded (+shade, +trim) and control (2shade, +trim).
Because no difference was found between shade control and
manipulation control, the latter is omitted for clarity. The arrow
denotes the period when shades were installed.

Table 4. Repeated measures multivariate ANOVA: Effect of
shade and site on growth of S. sessile (cm d21). MS5mean
square, Prob.F5the probability that differences are due to
chance. Boldface values denote statistically significant difference
at the p,0.05 level.

Source of variation MS Exact F df Prob.F

Between subjects
Shade 4.14 103 1 ,0.0001
Site 0.011 0.280 1 0.602
Site3shade 0.212 5.30 1 0.03
Error 0.040 25

Within-subjects multivariate
Time 1.92 14.8 3 ,0.0001
Time3shade 0.91 7.02 3 0.0016
Time3site 0.29 2.23 3 0.112
Time3site3shade 0.058 0.45 3 0.720
Error 0.130 23

Table 5. Repeated measures multivariate ANOVA: effect of
control treatments and site on growth of S. sessile (cm d21).
Treatments include control (2artificial shade, +trim), and trim
control (2artificial shade, 2trim). MS5mean square,
Prob.F5the probability that differences are due to chance.
Boldface values denote difference at the p,0.05 level.

Source of variation MS Exact F df Prob.F

Between subjects (all between, NS)
Site 0.24 3.65 1 0.08
Treatment 0.16 2.42 1 0.14
Site3treatment 0.00009 0.001 1 0.97
Error 0.062 15

Within subjects multivariate (all within, p,0.001)
Time 5.60 24.4 3 ,0.0001
Time3site 0.90 3.90 3 0.08
Time3treatment 4.90 21.1 3 ,0.0001
Time3site3treatment 0.55 2.38 3 0.12
Error 0.214 13
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macroalgae in mid- and low-zone environments (Lub-
chenco and Menge 1978). However, although the tempo-
ral and spatial patterns of satellite-derived and surf-zone
Chl a are similar at seasonal time scales, the degree of
cross-shelf coherence at shorter timescales is as yet
unknown. Furthermore, field experiments that explicitly
and concurrently test the relative importance of compe-
tition with invertebrates for space and modification of the

light environment by phytoplankton have yet to be
completed. Nevertheless, these results suggest that the
paradigm of invertebrates as competitive dominants along
rocky shores may be context-dependent.

The magnitude, frequency, and spectral quality of
blooms along the central Oregon coast evidently can
contribute to light-limiting conditions for S. sessile.
According to our modeled transmissivities, Chl a concen-
trations ranging from only 20 to 60 mg m23 are equivalent
to shading generated by experimental shades and are thus
sufficient to limit the growth and relative abundance of
this intertidal kelp. These concentrations occur quite
frequently along the central Oregon coast. Experimental
shades were spectrally neutral, whereas the high degree of
spectral overlap between S. sessile and the overlying
phytoplankton assemblage suggests spectrally competitive
absorbances. The experimental shades were therefore a
conservative mimic of the reduction in light intensity and
spectral quality that occurs during blooms and may
actually underestimate the true effect of blooms on kelp
growth.

Effect of shading—Over the course of our 3.5-month
study, decreasing PAR to bloom-equivalent levels led to a
25% reduction in growth rate of S. sessile, accounted for
over 72% of the variance in growth, and led to decreases in
relative abundances of the intertidal kelp. Growth rates
beneath the shades remained depressed for the duration of
the field experiment, suggesting that the effects of shade
could not be overcome by acclimation. Although the
magnitude of the effect varied between sites, suggesting
physiological complexity or context dependency in the
response, overall the results are clear. Bloom-equivalent
light levels are sufficient to adversely affect an ecologically
dominant intertidal kelp, and such light-limiting condi-
tions occur frequently along the Oregon coast with likely
ecosystem-level consequences.

Fig. 8. Differences in changes in percentage cover of S.
sessile in plots with and without shading. For this analysis the
2shade control and manipulation control plots were pooled:
(+shade) 5 5 plots per site; (2shade) 5 10 plots per site. Means
with distinct letters are statistically different (ANOVA, p , 0.05).

Fig. 9. Electron transport rate (ETR) of S. sessile with
increased irradiance. Blades were removed from manipulation
control at the end of the experiment (mid-September 2004); n 5 5
blades per site. Responses from blades from Strawberry Hill (SH)
are denoted by triangles, those from Fogarty Creek (FC) by
circles; ETR values have not been biomass-adjusted. Horizontal
arrows denote irradiances of interest discussed in text: (A)
available PAR during immersion, (B) the fraction of (A) that
was available with experimental shades, and (C) mean daily
instantaneous PAR for June and July along the central
Oregon coast.

Table 6. Best fit model from a stepwise regression on all
observed explanatory variables on S. sessile growth rate. Best fit
was determined with mixed (forward and backward) stepwise
multiple linear regression. Parameter inclusion and exclusion were
determined by p(enter/leave)50.25 and subsequently those that
maximized adjusted R2 and minimized the AIC (see text). The
resulting model retained shade, trimming, and site (indicated in
boldface type) as major effects: adjusted R250.82, p,0.0001,
F5,29527.5. Reduced model: shade effect only, R250.72, p,0.001,
F1,26590.6. Prob.|t|5the probability that differences are due to
chance. Boldface effect estimates and probabilities denote p,0.05.
See text for initial list of explanatory variables.

Parameter Estimate SE t ratio Prob.|t|

Intercept 0.320 0.006 51.1 ,0.0001
Shade effect

(shaded2control
and trim control) 20.073 0.007 211.0 ,0.0001

Trim effect
(control2trim control) 20.020 0.008 22.84 0.01

FC* 20.019 0.007 22.9 0.008
Shade effect3FC 0.018 0.007 2.8 0.01

* FC, Fogarty Creek.
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Exogenous factors such as water flow (Hurd 2000) and
temperature (e.g., Tegner et al. 1997), as well as endoge-
nous factors such as nutrient uptake rates and storage
capacity (e.g., Korb and Gerard 2000) and acclimation and
local adaptation to light history (e.g., Herbert and Waaland
1987), can change the effect of light on growth rates,
leading to context dependency of responses to decreased
light. The shading effect was more dramatic at SH (site 3
shade effect; Tables 4 and 6), leading to a larger difference
in frond elongation rates between the control and shaded
plots at that site. Although internal nutrient stores were not
quantified, external nutrient concentrations did not differ
between sites (nitrate + nitrite, mean 6 SD: FC 5 12.19 6
5.35 mmol L21, SH 5 5.41 6 4.67 mmol L21; F. T. Chan
unpubl. data) nor did flow rates. Air temperatures were
1.2uC higher at SH, but temperatures during immersion
were only 0.25uC higher (Table 3). SeaWiFS-derived PAR
levels were also higher at SH for the duration of the
experiment (Table 3). It is likely that the difference in
growth rates and the response to shading between sites was
caused by differences in ambient PAR or a combined
temperature–light effect.

Saturation irradiances of S. sessile were higher for fronds
from SH (Fig. 9), suggesting that seasonal acclimation may
have played a role. All factors being equal, sun-acclimated
populations would have increased growth rates in higher
light than shade-acclimated populations. In low light, such
as that provided by experimental shades and midsummer
phytoplankton blooms, they would be expected to respond
more adversely. Controlled experiments conducted in
spring and early summer in concert with explicit physio-
logical studies should illuminate the context dependency of
the shading response and whether it occurs as a result of
seasonal acclimation or other endogenous factors.

The potential for light–nutrient co-limitation in this
system should not be ignored. Growth of S. sessile
varied through time (Fig. 7), reaching a peak in early
July. Although growth of fronds was positively corre-
lated with upwelling, increases in growth rate may have
also been a function of seasonal increases in ambient
PAR, which reached its peak in late June and early July.
These temporal patterns occurred in a year when
phytoplankton abundances were atypically low and thus
competition for upwelled nutrients with phytoplankton
would have been diminished. Longer-term monitoring of
macrophyte growth rates over a larger spatial scale
should help to determine the role of upwelling dynamics
in structuring benthic- or pelagic-based biomass of
primary producers.

Photosynthesis of S. sessile may be severely curtailed by
carbon limitation during emersion, as has been found for
other phaeophytes (Williams and Dethier 2005); to date
carbon limitation during emersion has not been explicitly
tested for S. sessile. Our experimental shades were a
conservative approximation of light availability considering
both immersion and emersion periods. If S. sessile is
carbon-limited during emersion, much lower concentra-
tions of phytoplankton are necessary to produce the same
result because there will be little compensation during
emersion.

This study provides the first evidence that phytoplank-
ton can limit the light availability to benthic macrophytes
in energetic open-coast systems, extending the theoretical
and experimental findings of estuarine and lacustrine
studies. Furthermore, if recent increases in nearshore
phytoplankton abundance (Kahru and Mitchell 2008) are
symptomatic of an oceanic regime shift (Bond et al. 2003;
Peterson and Schwing 2003), we speculate that the resulting
increased attenuation of light by phytoplankton will lead to
profound changes in benthic communities. Ultimately,
longer-term monitoring in the low intertidal and sublittoral
zones at a larger spatial scale will be necessary to determine
the effect of oceanic regime shift on upwelling, nearshore
phytoplankton production, macroalgal ecophysiological
dynamics, and the extent of coupling between these three
processes. Nevertheless, the large-scale observations and
experimental results in our study suggest that light
limitation might be important even in intertidal environ-
ments where the deepest level of immersion is only about
3 m.
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