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• Background and Aims The increased likelihood and severity of storm events has brought into focus the role 
of coastal ecosystems in provision of shoreline protection by attenuating wave energy. Canopy-forming kelps, 
including giant kelp (Macrocystis pyrifera), are thought to provide this ecosystem service, but supporting data are 
extremely limited. Previous in situ examinations relied mostly on comparisons between nominally similar sites 
with and without kelp. Given that other factors (especially seafloor bathymetry and topographic features) often 
differ across sites, efforts to isolate the effects of kelp on wave energy propagation confront challenges. In par-
ticular, it can be difficult to distinguish wave energy dissipation attributable to kelp from frictional processes at 
the seabed that often covary with the presence of kelp. Here, we use an ecological transition from no kelp to a full 
forest, at a single site with static bathymetry, to resolve unambiguously the capacity of giant kelp to damp waves.
• Methods We measured waves within and outside rocky reef habitat, in both the absence and the presence of 
giant kelp, at Marguerite Reef, Palos Verdes, CA, USA. Nested within a broader kelp restoration project, this site 
transitioned from a bare state to one supporting a fully formed forest (density of 8 stipes m−2). We quantified, as a 
function of incident wave conditions, the decline in wave energy flux attributable to the presence of kelp, as waves 
propagated from outside and into reef habitat.
• Key Results The kelp forest damped wave energy detectably, but to a modest extent. Interactions with the 
seabed alone reduced wave energy flux, on average, by 12 ± 1.4 % over 180 m of travel. The kelp forest induced 
an additional 7 ± 1.2 % decrease. Kelp-associated declines in wave energy flux were slightly greater for waves of 
longer periods and smaller wave heights.
• Conclusions Macrocystis pyrifera forests have a limited, albeit measurable, capacity to enhance shoreline pro-
tection from nearshore waves. Expectations that giant kelp forests, whether extant or enhanced through restor-
ation, have substantial impacts on wave-induced coastal erosion might require re-evaluation.
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INTRODUCTION

Canopy-forming macroalgae are found worldwide and operate 
as marine foundation species, creating underwater forests that 
provide structural habitat, shelter and food for numerous other 
taxa (North, 1971; Dayton, 1972; Miller et al., 2018). In the 
case of Macrocystis pyrifera, the giant kelp, >800 other spe-
cies can be supported by its presence (North, 1971; Schiel and 
Foster, 2015). These resident organisms experience environ-
mental conditions that differ from those outside a forest. For 
instance, Macrocystis produces a dense network of floating 
surface blades that reduces light levels while simultaneously 
influencing seawater chemistry (Reed and Foster, 1984; Hirsh 
et al., 2020; Traiger et al., 2022). The blades and accompanying 
fronds of giant kelp that extend through the water column add-
itionally slow current speeds and modify patterns of vertical 
mixing (Jackson and Winant, 1983; Gaylord et al., 2004, 2007; 
Rosman et al., 2007; Elsmore et al., 2022).

Macrocystis and other forest-forming kelps are also im-
pacted by ocean waves. Large waves generated by storms 
dominate the dynamics of abundance and primary produc-
tion in giant kelps (Reed et al., 2011; Castorani et al., 2022), 
and interactions between waves and kelps have long inspired 
interest in the possibility that kelp forests might attenuate 
wave energy. Anticipated consequences of a changing cli-
mate, specifically rising sea levels and increasing storm fre-
quency and severity (IPCC, 2019), have garnered a more 
recent interest in interactions among coastal vegetative eco-
systems and wave energy (Hanley et al., 2020). Although 
there is a growing sense of urgency to understanding the 
capacity for natural habitats to mitigate impacts of climate 
change, the idea that kelp forests might attenuate wave en-
ergy dates back to at least the 1800s, with historical records 
from Darwin (1839) noting ‘smooth water’ shoreward of 
kelp beds. To this day, surfers and coastal users note similar 
observations.
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Despite such observations, the extent to which canopy-
forming kelps might damp waves remains unclear. The ‘smooth 
water’ shoreward of kelp beds is most readily explained by the 
removal of capillary waves, i.e. small, centimetre-scale ripples, 
whose physics are governed by the surface tension of water. 
The bigger waves that characterize seas and swell, and which 
dislodge kelps and instigate shoreline erosion, are fundamen-
tally different. Their behaviour is controlled by the restoring 
action of gravity, and they can be orders of magnitude larger 
and more powerful (Denny, 1988).

Quantitative assessments of wave attenuation by kelp and 
other seaweeds have been pursued in a number of studies. Early 
work took mathematical or laboratory approaches that mod-
elled kelp forests as arrays of rigid cylinders or tethered floats 
(Seymour and Hanes, 1979; Dalrymple et al., 1984; Kobayashi 
et al., 1993). This research, much of which was applied to M. 
pyrifera, suggested that such arrays might reduce transmitted 
wave energy by 20–94 %. Related theoretical, laboratory and 
field experiments targeting much smaller seaweeds (i.e. ones 
without a surface canopy) have implied wave energy reductions 
of ≤85 % (Dubi and Tørum, 1996; Mork, 1996). Likewise, wave 
damping in seagrasses and saltmarshes has been shown to reach 
40 % and 80 %, respectively, depending on the species (e.g. 
Mendez and Losada, 2004: Riffe et al., 2011; Paul et al., 2012; 
Houser et al., 2015; Luhar et al., 2017). Although the latter eco-
systems differ from canopy-forming seaweeds in key ways, the 
sum total of this work has reinforced the idea that kelp forests 
might reduce levels of coastal wave action and thereby combat 
shoreline erosion (e.g. Arkema et al., 2017).

Other lines of research, however, imply a substantially lower 
potential benefit of kelp forests for dissipating wave energy. 
This complementary axis of study emphasizes the structural 
and biomechanical traits of organisms. In particular, it high-
lights the capacity for canopy-forming kelps to sway passively 
back and forth with waves (Koehl, 1984), reducing the relative 
velocities between the kelp stipes and flow, and therefore hydro-
dynamic drag (Vogel, 1984). Numerical models that account 
for such flexible movement indicate strong dynamical effects, 
a portion of which could influence rates of wave energy loss 
(Denny et al., 1998). This finding applies especially to large 
canopy-forming species (Denny et al. 1997), although there is 
relevance also to fully submerged taxa that do not interact with 
the surface of the water (Gaylord and Denny, 1997; Gaylord et 
al., 2001). Laboratory measurements using scaled kelp mimics 
(Rosman et al. 2013) and field recordings (Gaylord et al., 
2008; Mullarney and Pilditch, 2017) support the applicability 
of such models for understanding flow–organism interactions. 
In cases where levels of expected wave damping have been 
computed explicitly, they appear limited (Gaylord et al., 2003; 
Henderson, 2019). Wave dissipation by a subsurface species of 
kelp, Ecklonia radiata, also appears undetectable in most wave 
conditions (Morris et al., 2020). Thus, ambiguity has persisted 
regarding the capacity of various species of kelp to damp wave 
energy.

In the case of M. pyrifera, the most widespread canopy-
forming kelp along the US west coast, field experiments are 
sparse but tend to comport with prior dynamical models in 
suggesting small to negligible effects on transmitted wave en-
ergy (Elwany et al., 1995; Rosman et al., 2007). Elwany et al. 
(1995) relied on comparisons of wave energy at paired sites of 

similar bathymetry, where one site had kelp and the other did 
not. In this case, differences in energy between sites were in-
sufficiently large to emerge from the statistical noise. Rosman 
et al. (2007) quantified wave energy at stations both outside and 
inside a forest and also did not see a strong indication of wave 
damping, although their study was not designed to distinguish 
between effects of waves propagating into shallower depths 
vs. dissipative effects of kelp. Difficulties in establishing ad-
equate no-kelp controls against which kelp treatments could be 
matched directly are characteristic of all prior studies and have 
contributed to the challenge of drawing strong inferences about 
levels of wave damping by kelp forests (Tinoco et al., 2020).

In the present study, we isolate the effects of giant kelp on 
wave attenuation explicitly, by collecting measurements in con-
junction with a kelp forest restoration project in Palos Verdes, 
California. In the locality of this project, areas that were once 
overgrazed by the purple urchin, Strongylocentrotus purpuratus, 
and devoid of kelp (termed ‘urchin barrens’) returned to a kelp 
forest state after urchin densities were reduced through culling. 
The resulting transition from an urchin barren to a healthy kelp 
forest presented a unique opportunity to measure wave condi-
tions before, during and after forest regeneration. In particular, 
it made possible a before–after design, whereby wave measure-
ments could be collected both in the absence and in the pres-
ence of kelp at the same site, with bathymetry and other factors 
held constant. In this regard, this study was able to test unam-
biguously the physical effects of a canopy-forming kelp species 
on waves.

MATERIALS AND METHODS

Study site

Marguerite Reef (33.75712°N, −118.41842°W), along the 
Palos Verdes Peninsula of Southern California, USA, oper-
ated as the focal site for this study (Fig. 1). Bedrock and large 
boulders, common substrates for M. pyrifera, were interspersed 
with sandy patches. Unlike habitats with substrates dominated 
by fine sediments, which can shift through time, the bottom 
topography of this rocky reef remained static. Before the study, 
Marguerite Reef was blanketed by an urchin barren and devoid 
of a kelp forest. Urchins were subsequently removed as a part 
of a large-scale restoration of M. pyrifera that began in the au-
tumn season of 2016 and continued into January 2017.

Kelp surveys

Kelp forest regrowth after restoration activities was charac-
terized monthly between November 2016 and November 2017 
along eight evenly spaced transects (30 m long × 4 m wide, 30 
m apart) oriented along an isobath spanning the cross-shore 
extent of the rocky reef. Macrocystis pyrifera individuals and 
stipes were counted within each transect to estimate the density 
of giant kelp. Only individuals with heights >1 m were included 
in these counts. The kelp forest density time series was then 
partitioned into categories describing the overall kelp condi-
tions (i.e. No Kelp, Transition and Kelp), to allow for categor-
ical assignment for statistical analyses outlined below. Time 
periods characterized as ‘No Kelp’ spanned from the start of the 
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study in November 2016 to the first sightings of singled-bladed 
sporophytes on the sea floor, in April 2017. The ‘Kelp’ period 
began once stipes reached the surface and most kelp individ-
uals had four stipes (a commonly used criterion for classifying 
individuals as adults; Dayton et al., 1992), which occurred late 
in July 2017. The Kelp period ended in late October 2017; we 
terminated the study then to exclude subsequent sharp reduc-
tions in kelp density attributable to seasonal senescence char-
acteristic of Southern California kelp forests (Rodriguez et al., 
2013). The ‘Transition’ period extended between the No Kelp 
and Kelp time periods, characterized by new forest growth and 
rapid changes in kelp density.

Wave theory

Surface gravity waves, which comprise the seas and swell 
that interact most strongly with kelp and are of concern for 
coastal erosion, propagate as physical disturbances of the sea 
surface. They can be characterized by their height (H), wave-
length (L) and frequency (f ). The height is the difference in sea 
surface displacement between peak and trough, the wavelength 
spans the distance between successive peaks, and the frequency 
is the inverse of wave period (T), which is the time elapsed be-
tween the passage of one peak and the arrival of the next. As 

is detailed elsewhere (e.g. Kinsman, 1965; Denny, 1988), any 
such wave has kinetic and potential energy components that 
sum to yield a total energy per unit area of ocean surface (E):

E =
1
8
ρgH2

 (1)

where ρ is the density of seawater and g the acceleration attrib-
utable to gravity.

The rate at which the energy of a given wave propagates 
across space is the product of E and the so-called group velocity 
(Cg), which is the speed at which packets of waves of similar 
physical characteristics travel, where:

Cg =
C
2

ï
1 +

2kd
sinh (2kd)

ò
 (2)

Equation 2 contains several parameters, including the wave 
number, k (=2π/L), and water depth, d. Sinh is the hyperbolic 
sine, where sinh(x) = 0.5(ex − e−x). The quantity C is the wave 
celerity, the speed of transit of an individual wave, which is 
always at least as fast as its corresponding wave packet; C is 
defined by the wave dispersion relationship (Kinsman, 1965):

C =
[g

k
tanh (kd)

]1/2

 (3)
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Fig. 1. (A) Map of Marguerite Reef, Palos Verdes, CA, USA, adapted from Elsmore et al. (2022), showing locations of the outside and inside pressure sensors, 
with their mean depths noted within square brackets. The outer and inner edges of the kelp forest, which generally follow seabed isobaths, are represented by 
dashed lines. During times when the kelp forest was present at this site, it extended across and beyond the full north–south domain depicted in the inset. (B) Cross-
shore bathymetry estimated by divers. (C) Images, from left to right, outside the reef, inside the reef habitat during the No Kelp time period, and inside the reef 

habitat during the Kelp time period.
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where tanh is the hyperbolic tangent, tanh(x) = (ex − e−x)/
(ex + e−x).

The rate of transmission of wave energy per unit width of 
wave crest for a given wave, also called the wave energy flux 
(or wave power), is conserved in the absence of friction or dis-
sipation. As alluded to above, this quantity, P, is given by:

P = CgE (4)

Because Cg declines with decreasing water depth [eqn (2)], 
waves tend to shoal (increase in height) as they approach the 
shore, in order to meet the demand for conservation of wave 
energy flux.

The relationships of eqns (1)–(4) are most readily visualized 
in terms of an individually propagating wave. However, nat-
ural sea states include waves of many heights, wavelengths and 
frequencies, most of differing phase, which superpose on one 
another to yield a ‘random sea’. The summed wave energy flux 
from all these constituents must be considered when evaluating 
any putative effects of kelp on wave attenuation. In practice, 
this task is accomplished using tools of spectral analysis to iso-
late from simple time series of sea surface displacement the 
contributions of waves of differing frequency. In particular, a 
time record of surface displacement, η(t), can be represented in 
terms of a Fourier series:

η (t) =
N∑

i=1

aicos (2πtiff − φi)
 (5)

Where N is the number of waveforms of different frequencies 
or periods that sum to produce the overall record of surface 
displacement (note that these are harmonics of the fundamental 
frequency, ff , which is the inverse of the total duration of the 
time series), ai is the amplitude (ai = H/2) of a given waveform 
(i), t is time, and φi is the phase shift appropriate to the wave-
form. By means of trigonometric identities this expression can 
also be rewritten:

η (t) =
N∑

i=1

(αi cos 2πtiff + βi sin 2πtiff )
 (6)

With this notation (taking note also that ai �= αi), the height of 
the waveform corresponding to frequency i is given by:

Hi = 2
»
αi

2 + βi
2 (7)

where α and β are the so-called Fourier coefficients of eqn (6). 
The total wave energy flux, Q, accounting for the full comple-
ment of waves underlying the random sea, and combining eqns 
(1) and (7), is then computed as the sum of the energy fluxes 
from each underlying wave frequency component:

Q =
N∑

i=1

Cg,iEi
 (8)

where now the group velocities and energy fluxes associ-
ated with waves of differing frequency or period are tracked 
explicitly.

Relationships among the total wave energy flux, Q, outside 
and inside the reef, in the absence and presence of kelp, can 
be used to isolate dissipative losses attributable to kelp from 
other agents of energy loss. In the present experiment, Q was 

quantified both at the station outside the kelp forest (Qoutside) and 
within the bed near its inshore edge (Qinside). Time records of 
sea surface displacement, measured at each station, were used 
to compute the elements of Q (i.e. Cg and E), using the equa-
tions outlined above. The difference between Qoutside and Qinside 
then quantifies the loss of wave energy flux as waves propagate 
from outside to inside the reef habitat. If no energy loss occurs, 
the values of Q would be equal. However, energy losses always 
arise, and in the absence of kelp such losses are dominated by 
the effects of bottom friction. This baseline difference can then 
be compared with that arising in the presence of kelp, with any 
additional offset between Qoutside and Qinside indicating the ef-
fects of kelp. We note that although refraction (waves ‘bending’ 
in shallow water until they propagate perpendicular to isobaths) 
can influence values of Q at a given location, satellite imagery 
of our site indicates that wave crests have already refracted be-
fore reaching the study site and approach normal to shore by 
the outside station (Planet Team, 2020; Supplementary Data 
Fig. S1). More importantly, the key comparison of the above 
analysis is not between values of Q at the two stations, but ra-
ther how the quantity (Qoutside − Qinside) changes between times 
of No Kelp and Kelp. Scenarios of wave refractive processes 
modifying (Qoutside − Qinside) in ways that are correlated with the 
presence or absence of kelp appear implausible. The rugose 
topography of the beach and its modest slope likewise min-
imize wave reflections that might otherwise influence values of 
(Qoutside − Qinside).

Wave measurements and analyses

In undertaking the calculations of Qoutside and Qinside, bottom-
mounted pressure sensors (SBE-26 Seagauge Wave & Tide 
Recorder; Sea-Bird Scientific, Bellevue, WA, USA), were de-
ployed inside and outside the kelp forest habitat at mean depths 
of 6 and 17 m, respectively. Both sensors were positioned out-
side of the surf zone, such that losses attributable to turbulent 
dissipation were negligible. Pressure measurements were taken 
throughout the duration of the project in both the absence and 
presence of kelp over a suite of incident sea state conditions. 
Seven instrument deployments were conducted, during which 
the SBE-26s recorded pressure at the seafloor at 4 Hz, over 17 
min bursts, during four equally spaced periods each day, for a 
duration of 21 days per deployment.

Given that pressure signals of wave-driven surface dis-
placements attenuate exponentially with depth, sea surface 
time series were reconstituted according to accepted methods 
by back-correcting the depth-attenuated records acquired by 
the sensors (Gaylord and Denny, 1997; Lyman et al., 2020). 
The back-correction is frequency dependent, given that higher 
frequency waves attenuate faster with depth. Such higher fre-
quency waves also have shorter wavelengths at a given water 
depth. For a specified wave frequency (or wavelength), the at-
tenuation factor is (Denny, 1988):

K = cosh (kz)/cosh (kd) (9)

where z is the distance above the seafloor and cosh is the 
hyperbolic cosine, where cosh(x) = 0.5(ex + e−x). The surface 
displacement associated with a wave of given frequency or 
period [eqn (5)] is therefore determined by dividing its at-depth 
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pressure by the appropriate value of K to reconstitute the at-
tenuated waveform.

Given that any noise in the pressure record could yield 
spurious estimates of surface displacement if incorrectly recon-
stituted, the resolution of the sensors was also quantified by 
deploying them immediately below a Datawell Waverider MkIII 
buoy [maintained by the Scripps Institute of Oceanography 
Coastal Data Information Program (CDIP); CDIP buoy 158] 
that records sea surface heights directly, without any attenu-
ation. This was done in water of the same depth as the outside 
station (17 m) (Lyman et al., 2020). Using this procedure, it 
was possible to verify that the bottom-mounted sensors and the 
reconstitution protocol accurately estimated surface displace-
ments associated with waves with periods >3.7 s. Therefore, in 
all subsequent analyses only waves with periods in excess of 
this cut-off were used. This exercise also allowed for an evalu-
ation of how much wave energy might have been missed by 
the bottom-mounted pressure sensors owing to the loss of in-
formation about short-period waves (i.e. <3.7 s). The energy 
quantified for short-period surface waves in typical sea state 
conditions contributed <5 % of the total area under the spectral 
curve (Lyman et al., 2020).

Statistical summary parameters were also computed at the 
outside station to characterize the incident sea state, before any 
potential physical interactions with kelp. In particular, signifi-
cant wave height (Hs) and the dominant (or peak) wave period 
(Tp) were determined from the wave data, burst by burst, as:

Hs = 4σ (10)

Tp =
1

f [max(S)] (11)

where σ is the standard deviation of the sea surface displace-
ment and f[max(S)] is the wave period at which the power spec-
trum of sea surface displacement, S, exhibits its maximum.

Ultimately, as discussed above, the key quantity of interest 
is how the difference in wave energy flux between the outside 
(Qoutside) and inner edge of the forest (Qinside) depends on the ab-
sence or presence of kelp. Given that incident wave conditions 
also vary through time (as indexed by changes in Qoutside across 
bursts), the spatial differences in wave energy flux from outside 
to inside the forest can be normalized:

∆Qnorm =
Qoutside − Qinside

Qoutside
= 1 − Qinside

Qoutside (12)

where ∆Qnorm  is the change in energy flux from outside to in-
side, normalized by the incident energy flux, Qoutside. This quan-
tity is therefore the proportional change in wave energy flux 
between the outside and inside stations, with positive values 
representing energy loss.

Influence of kelp on wave attenuation

The value ∆Qnorm  represents the wave energy flux lost owing 
to wave–benthos interactions plus any losses attributable to 
wave–kelp interactions. If M. pyrifera has no effect on wave 
conditions, given that the bottom terrain did not change during 
the shift between the absence and presence of kelp, the propor-
tional change in wave energy flux would remain invariant.

To test statistically for differences in ∆Qnorm  in the absence 
and presence of kelp, a linear regression was constructed, 
with proportional change in wave energy flux from outside 
to inside as the response variable and kelp condition (i.e. No 
Kelp and Kelp) as a predictor. This analysis yields a basic 
understanding of how the presence of kelp influences wave 
energy flux. However, kelp forests might attenuate waves of 
different height or period differently. To evaluate this possi-
bility, the linear regression model was structured to include 
not only kelp condition (i.e. No Kelp and Kelp), but also the 
dominant wave period (Tp) and significant wave height (Hs) 
at the outside station, in addition to their associated inter-
actions, as additional statistical predictors for the proportional 
change in wave energy flux from outside to inside. Finally, 
to check if the last model was overfitted, a backward step-
wise model selection was conducted to determine the best-
fitting model. Associated Akaike information criterion scores 
and models tested are shown in Table 1. The residuals in the 
model were tested for normality using a Shapiro–Wilk test 
and assessed for heteroscedasticity visually. Residuals appear 
homoscedastic, but do not fall within a normal distribution 
(Shapiro test, P = 0.002). Given the large sample size and the 
fact that a violation of non-normality would not change the 
point estimates, the model appears appropriate for describing 
the dataset, although the confidence intervals could be slightly 
inflated. Pairwise comparisons of the effect of kelp, between 
Hs and Tp, were conducted using estimated marginal means 
with a Tukey correction. All statistical tests were accom-
plished in R v.3.6.1 (R Core Team, 2019), and pairwise com-
parisons were conducted using the package emmeans (Lenth, 
2020).

RESULTS

Kelp densities

The benthos was devoid of vegetation throughout the No Kelp 
period. Single-bladed kelp recruits appeared at Marguerite 
Reef in April 2017 and grew to the surface throughout the 
following 7 months (Fig. 2). The overall stipe density of M. 

Table 1. Akaike’s information criterion (AIC) scores, their de-
grees of freedom (d.f.) and predictors for each model in the back-
ward stepwise model selection process. The final model selected is 
in bold. KelpCond is kelp forest condition (i.e. No Kelp or Kelp); 
Tp_Out is peak wave period outside the kelp forest; and Hs_Out is 

significant wave height outside the kelp forest.

Model d.f. AIC

1 KelpCond × Tp_Out × Hs_Out 9 −301.7766

2 (KelpCond + Tp_Out + Hs_Out)2 8 −302.1443

3 KelpCond × Tp_Out + Tp_Out × Hs_Out 7 −300.9562

4 KelpCond × Hs_Out + Tp_Out × Hs_Out 7 −295.7272

5 KelpCond × Tp_Out + KelpCond × Hs_Out 7 −303.7119

6 KelpCond × Tp_Out + Hs_Out 6 −300.5064

7 KelpCond × Hs_Out + Tp_Out 6 −296.6553
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pyrifera increased rapidly throughout the Transition period 
(April–July 2017), reaching densities typical of mature M. 
pyrifera populations found in California (1.9–15 stipes m−2; 
North, 1971; Elsmore et al., 2022) by the Kelp period (Fig. 
2A), which encompassed late July–October 2017. At the onset 
of the Transition period, the new kelp forest was composed of 
many small individuals, each consisting of one or two stipes 
per individual (Fig. 2B). Over time, the young individuals 
began to support more stipes per plant, such that most entered 
the adult classification (four or more stipes) early in the Kelp 
period. Throughout the experimental period, the understorey 
algal community was functionally absent, with the exception 
of extremely rare sightings of understorey species that often 
occupy Southern California’s rocky reefs, including Sargassum 
horneri, Sargassum muticum, Pterygophora californica, 
Eisenia arborea and Egregia menziesii, even following 
re-establishment of the giant kelp canopy.

Wave conditions

Coastal wave conditions varied appreciably throughout 
the study. Incident significant wave heights (Hs), as recorded 
at the outside measurement station and computed burst by 
burst, ranged from 0.34 to 4.3 m. Dominant wave periods 
(Tp) spanned 4.2–19.6 s. The modal incident significant wave 
height was 0.6 m, and the modal dominant wave period was 
15 s. Conditions also encompassed both narrow-banded sea 
states dominated by single wave periods and broader-banded 
sea states where waves of a variety of periods arrived at the 
site.

Time series of sea surface displacement displayed a strong 
signature of waves both at the outside station and at the sta-
tion located on the inshore edge of the forest domain (Fig. 3). 
However, this trend held regardless of whether kelp was present 
or not. If kelp had a dramatic damping effect, the amplitudes 
of the surface elevation record in the presence of kelp would 
have been greatly depressed, resulting in reduced deviations 
from the zero line. However, such a pattern did not manifest 
in our dataset, preventing simple comparisons of time series 
across the outside and inside stations from providing insight 
into potential levels of wave attenuation by Macrocystis. This 
pattern was not surprising given that as waves move shoreward, 
they increase in height through shoaling, while simultaneously 
experiencing bottom friction that tends to decrease their height. 
Owing to these contrasting processes, rudimentary compari-
sons of outside vs. inside records of sea surface displacement 
intrinsically provide a poor way to assess effects of kelp on 
wave energy attenuation (Fig. 3).

Likewise, more detailed spectral analyses showed overlap 
between outside and inside spectra, regardless of the presence 
or absence of kelp. This pattern begins to indicate a constrained 
capacity for giant kelp to damp waves. Spectral analyses allow 
the distribution of wave energy across a range of wave periods 
to be computed and highlight the wave periods that contribute 
most to the overall energy. In Fig. 4A, at the outside location 
in the absence of kelp, much of the energy in the wave field is 
associated with waves of 16 s periods, as indicated by the peak 
at 0.06 Hz. If kelp forests strongly attenuated wave energy, one 
would expect this peak to decline in the inside spectrum when 
kelp is present (i.e. larger differences between the outside and 
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inside spectra would appear in the presence of kelp). However, 
Fig. 4 demonstrates that this was not the case.

Although wave energy spectra are more valuable than simple 
time series for conveying information about sea state, they re-
main less than ideal for assessing the capacity for kelp to damp 
waves. This point follows from the fact that it is the rate of en-
ergy transfer through space (the wave energy flux) that is con-
served in the absence of dissipation, rather than energy per se. 
As waves shoal, they increase in height as noted above, which 
increases their kinetic and potential energy per area. At first 
glance, this process seems non-physical, because it indicates 
greater energy in waves that have propagated further shoreward 
and thus (superficially) implies a violation of conservation laws. 
What reconciles the inconsistency is that as waves shoal, their 
passage across space also slows, which leads to the conserva-
tion of wave energy flux. We therefore used, as outlined in the 
Materials and Methods, differences between the wave energy 
flux outside and inside as a metric for effects of kelp on waves.

Wave damping by kelp

In the absence of kelp, the site at Marguerite Reef exhib-
ited an average reduction of 12.1 ± 1.4 % in wave energy flux 
between the outside and inside locations (Fig. 5A; Table 2; 
P ≤ 0.001), probably attributable to effects of bottom friction. 

Importantly, an additional 7.2 ± 1.2 % was lost on average 
when kelp was present (Fig. 5A; Table 2; P ≤ 0.001). The dis-
tribution of reductions in energy flux also varied substantially 
in both the absence and presence of kelp. However, some com-
ponent of the breadth of the distributions is likely to reflect 
burst-level statistical uncertainty (e.g. owing to innate error as-
sociated with the spectral estimates), as evidenced by a portion 
of the distributions in Fig. 5B, C falling to the left of zero. Note 
that the rightward shift to higher losses in the kelp distribution 
highlights the additional loss in energy flux attributable to the 
presence of kelp (Fig. 5B, C).

The amount of energy dissipation attributed to kelp de-
pended subtly on wave height and period, as revealed in the 
linear regression analysis (Table 3). Although shorter-period 
waves tended to lose relatively more energy while transiting 
between the outside and inside stations than longer-period 

0.01 0.03
Frequency (Hz)

E
n

er
g

y 
d

en
si

ty
 (

m
2 /

H
z)

Inside

Outside
No kelp

A

B

10–3

10–1

101

0.10 0.30

0.01 0.03
Frequency (Hz)

E
n

er
g

y 
d

en
si

ty
 (

m
2 /

H
z)

Inside

Outside
Kelp

10–3

10–1

101

0.10 0.30

Fig. 4. Wave energy density spectra outside and inside Marguerite Reef, in the 
absence (15 February 2017, 00:12–00:29 h) and presence (31 October 2017, 
05:45–06:02 h) of kelp. (A) Outside spectrum in the absence of kelp in blue 
(significant wave height, Hs = 0.70 m and dominant wave period, Tp = 16.33 
s) and inside spectrum in the absence of kelp in yellow (Hs = 0.88 m and 
Tp = 15.08 s). (B) Outside spectrum in the presence of kelp in blue (Hs = 0.73 
m and Tp = 15.08 s) and inside spectrum in the presence of kelp in yellow 
(Hs = 0.84 m and Tp = 15.08 s). Shading represents 95 % confidence limits of 

the spectral estimates.

M
ea

n
 p

ro
p

o
rt

io
n

al
lo

ss
 in

 e
n

er
g

y 
fl

u
x

Kelp

–0.3 0 0.3 0.6

0

N
u

m
b

er
 o

f 
bu

rs
ts

0

10

20

30

40

50

0.1

0.2

0.3

No kelp

No kelp

A

B

C

–0.3 0 0.3 0.6

N
u

m
b

er
 o

f 
bu

rs
ts

Proportional loss in energy flux

0

10

20

30

40

50
Kelp

Fig. 5. Proportional loss in wave energy flux between outside and inside sta-
tions at Marguerite Reef in the absence and presence of kelp. For example, 
a value of 0.1 indicates that 10 % of the incident wave energy flux is lost as 
waves propagate from the outside to inside station. (A) Mean proportional loss 
in energy flux (±s.e.m.) averaged across all bursts from either the No Kelp or 
Kelp time periods. There was a significant difference between kelp conditions 
(***P ≤ 0.001, d.f. = 302). (B) Full distribution underlying the No Kelp period 
of (A), where n = 163 bursts. (C) Full distribution underlying the Kelp period 

of (A), with n = 141.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cad094/7226144 by guest on 25 August 2023



Elsmore et al. — Wave damping by giant kelp8

waves (note higher elevations of the leftmost portions of the 
curves in Fig. 6), kelp-associated decreases in wave energy 
flux were greater for waves of longer periods (the lines for 
Kelp and No Kelp deviate more strongly for longer period 
waves in Fig. 6). There was also a minor effect of inci-
dent wave height, with smaller waves (<0.75 m) exhibiting 
stronger damping by kelp on a percentage basis, in com-
parison to larger waves (>1 m). This effect is apparent as a 
flattening of the Kelp slopes, relative to the No Kelp slopes, 
across panels of Fig. 6.

In contrast to detectable effects of wave height and period 
on levels of attenuation by kelp, we saw no evidence that the 
directional character of waves kilometres offshore of the site 
strongly influenced the dissipation rates at our sensor loca-
tions (direction data derived from Datawell Waverider MkIII 
CDIP buoy 028; Supplementary Data Fig. S2A). The pattern 
held despite strong seasonal variation in the basin-scale wave 
climate, characterized by a bimodal distribution of offshore 
wave directions, such that offshore waves originated more often 
from the west in the winter and more often from the south and 
south-west in the summer (Supplementary Data Fig. S2A, C). 
As with the direction of waves while in deep water, regional 
wind fields (quantified using NDBC buoy station 46025) also 
appeared to play little role in influencing the levels of kelp 
damping (Supplementary Data Fig. S2B, D).

DISCUSSION

In this study, we tested the physical effect of kelp on the local 
wave field explicitly, by measuring wave activity in the same 
topographically static site before and during the presence of 
a kelp forest. This approach allowed us directly to confront a 
persistent challenge to disentangling effects of kelp from other 
factors. In particular, it allowed us to separate the effects of kelp 
from those tied to seabed properties, which often differ between 
kelp and non-kelp sites owing to the preference of kelp for rock 
outcrops vs. less-consolidated substrata, such as cobble, sedi-
ment or sand. In our case, we found that a M. pyrifera forest in 
Palos Verdes, CA, USA had a detectable but limited capacity to 
damp wave energy. Wave interactions with the seafloor alone 
reduced wave energy flux, on average, by 12 ± 1.4 %, with an 
additional 7 ± 1.2 % reduction when an established kelp forest 
was present, over a propagation distance of 180 m.

Factors governing damping potential

Although this study found that M. pyrifera forests have some 
capacity to damp waves, the magnitude of attenuation is small 

in comparison to that attributed to other forms of aquatic vege-
tation. Some kelps with stiffer support structures and which 
do not form floating surface canopies, such as Laminaria 
hyperborea, have been shown substantially to decrease wave 
heights (50 %; Dubi and Tørum, 1996) and/or damp wave en-
ergy (70–85 %; Mork, 1996; although these latter estimates 
include effects of bottom dissipation). Mangroves, which are 
considerably stiffer than kelps and protrude out of the water, 
can attenuate ≤72 % of incident wave energy (Horstman et 
al., 2012). Salt marsh vegetation, which can also be emergent 
and only modestly flexible, has been shown to exhibit 60–80 
% reductions in wave energy (Knutson et al., 1982; Riffe et 
al., 2011; Möller et al., 2014). Seagrasses, which are more 
flexible, sometimes emergent, and found in substantially shal-
lower waters relative to those in which M. pyrifera resides, have 
been shown to reduce wave energy by 20–40 % (Fonseca and 
Cahalan, 1992). We note, however, that these prior studies do 
not present information concerning vegetation-induced reduc-
tions in wave energy flux (as opposed to wave heights or wave 
energy per area), meaning that direct comparison with the pre-
sent study is difficult.

The size of a vegetation assemblage or forest, its density, 
extent of submergence, morphology and the stiffness of sea-
weed or plant structures are all expected to affect the damping 
potential of various types of aquatic vegetation (Tinoco et al., 

Table 2. Summary results for a linear model testing the effect of 
kelp presence on the proportional loss in wave energy flux. Bold 

values are statistically significant.

Parameter Estimate s.e. t-value P-value

Multiple R2 = 0.04734; adjusted R2 = 0.04419

Intercept (No Kelp) 0.12084 0.01262 9.577 <0.001

Kelp 0.07177 0.01853 3.874 <0.001 5
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2020). In particular, it is likely that the exceptionally large size, 
positioning of considerable kelp biomass at the surface of the 
water and the capacity for M. pyrifera to sway appreciably with 
passing waveforms together influence the interaction of this 
species with waves (see, e.g. scaling arguments of Denny et 
al., 1998). However, determining which of these features con-
tribute most strongly to the low levels of attenuation of wave 
energy flux observed here requires further study.

Wave vs. current damping

The relatively low levels of wave damping observed in the 
present study might be at odds with the expectations of some 
kelp researchers, given the known ability of larger forests to slow 
currents (e.g. Jackson and Winant, 1983; Gaylord et al., 2012; 
Elsmore et al., 2022) and the common (although not universal) 
misconception that currents and waves will tend to interact in a 
similar manner with aquatic vegetation. Importantly, however, 
the time scale of currents and their reversals is distinctly dif-
ferent from that of wave-driven oscillations. In the case of near-
shore currents, which typically change directions over hours 
in association with tides, considerable data indicate that these 
flows can indeed experience strong damping. This damping 
arises in aquatic vegetation as diverse as seagrass meadows 
(Fonseca et al., 1982; Koch and Gust, 1999), turfy and under-
storey seaweeds (Carpenter and Williams, 1993) and inside for-
ests of large canopy-forming macroalgae (Jackson and Winant, 
1983; Gaylord et al., 2007; Rosman et al., 2007; Elsmore et al., 
2022). A key issue is that tidal currents flow in the same direc-
tion for sufficiently long durations that even canopy-forming 
kelps can be drawn out fully in the direction of flow, limiting 
the capacity for ‘going with the flow’ responses to reduce water 
speeds relative to the kelp (Koehl, 1984), such that drag can act 
on the stipes strongly.

Waves, in contrast, oscillate over seconds and reverse quickly 
enough that they are believed to have a much lower capacity to 
extend large, canopy-forming species fully to where they be-
come stationary and subject to the maximal relative flow speeds 
that they can experience. This point has been discussed at length 
in the literature for many years (see, e.g. Koehl, 1984; Lowe et 

al., 2005). Nevertheless, such fundamental differences between 
currents and waves are sometimes overlooked in considerations 
of how large canopy-forming kelps interact with water motions 
of different time scales.

Limitations of the study

Although this study documented a relatively modest cap-
acity for kelp to reduce wave energy flux, the underlying meas-
urements were conducted in only a single forest. The degree 
to which a given M. pyrifera forest might modify wave en-
ergy flux could vary according to a number of site-specific and 
forest-specific characteristics. The forest used in this study, 
although within the range of plant and stipe densities char-
acteristic of many M. pyrifera forests, was a medium-sized 
forest in terms of spatial extent (180 m in cross-shore width). 
A forest with greater cross-shore canopy extent would impose 
a greater total amount of damping, even given an identical rate 
of decrease in wave energy flux per metre of transit through a 
forest. We also acknowledge that Southern California gener-
ally experiences more benign sea state conditions than some 
other locales and, consequently, the incident wave conditions 
observed throughout our study did not include extreme wave 
heights associated with the largest of storms. That said, sea 
state conditions much in excess of those we recorded are asso-
ciated with dislodgement of kelp from the substrate (Seymour 
et al., 1989). The potential for appreciably greater magnitudes 
of wave energy attenuation by giant kelp therefore appears 
limited.

Conclusion

This study quantified the effect of a giant kelp forest on 
surface gravity waves using field measurements of waves at a 
single site in the absence and presence of kelp. Kelp-associated 
effects were isolated from those attributed to interactions with 
the seafloor using a before–after experimental design. Kelp-
associated reductions in wave energy flux were detectable, but 
not substantial, and varied with impinging wave heights and 
periods. Waves of smaller heights and longer periods exhibited 

Table 3. Summary results for a linear model testing the effect of kelp presence, incident peak wave period (Tp) and incident significant 
wave height (Hs) on the proportional loss in wave energy flux and Tukey’s HSD pairwise comparison.

Parameter Estimate s.e. t-value P-value

Multiple R2 = 0.2392; adjusted R2 = 0.2264

Intercept (No Kelp) 0.294377 0.052366 5.622 <0.0001

Kelp 0.023085 0.083509 0.276 0.78241

Tp outside −0.023637 0.003536 −6.685 <0.0001

Hs outside 0.110327 0.022474 4.909 <0.0001

Kelp presence × Tp outside 0.014520 0.004837 3.002 0.00291

Kelp presence × Hs outside −0.133661 0.058916 −2.269 0.02400

Tukey’s HSD pairwise comparison with Hs outside = 0.944 m; Tp outside = 12.3 s; d.f. = 298

Contrast Estimate s.e. t-ratio P-value

No Kelp vs. Kelp −0.0755 0.0217 −3.478 0.0006
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the most damping in the presence of kelp. Although giant kelp 
does cause wave attenuation, the degree of damping is small 
in comparison to multiple other types of aquatic vegetation. 
These findings reinforce and confirm previous work, conducted 
without the advantage of an explicit no-kelp–with-kelp experi-
mental design, suggesting limited potential for wave attenu-
ation by giant kelp. Benefits of M. pyrifera forests for shoreline 
protection therefore appear modest, other valuable features of 
such forests notwithstanding. High expectations for using giant 
kelp restoration as a tool for protection against wave-induced 
coastal erosion might require careful scrutiny, and further work 
regarding the role of vegetation in coastal defence, as advo-
cated by others (e.g. Hanley et al., 2020; Morris et al., 2020) 
is warranted.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online 
and consist of the following.

Figure S1: example Planet satellite imagery showing waves 
impinging on Marguerite Reef across three dates spanning the 
study period. Figure S2: proportional loss in wave energy flux 
as a function of the dominant offshore wave direction at the 028 
CDIP buoy; the offshore wind speed at the station 46025 NDBC 
buoy; the dominant offshore wave direction at the NDBC buoy; 
and the offshore wind gust speed at the NDBC buoy.
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