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1.  INTRODUCTION 

Currents play a critical role in shaping the biotic 
communities that inhabit coastal waters. Nearshore 
currents influence larval transport, dispersal, and re -
tention patterns, which have consequences for the 
genetic structure and connectivity of marine popula-

tions (Gaylord & Gaines 2000, Siegel et al. 2003, 
2008, Nickols et al. 2012, 2015, Morgan et al. 2018). 
They also play an important role in delivering nutri-
ents to nearshore habitats, driving growth rates of 
both pelagic and habitat-forming primary producers 
(Hurd 2000, McPhee-Shaw et al. 2007, Fram et al. 
2008, Gaylord et al. 2012). Furthermore, currents 
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interact with waves and bottom topography to con-
trol particle suspension, deposition, and transport at 
the coastal edge (Gaylord et al. 2002, 2004). These 
and other interactions influence water clarity, ben-
thic scouring, and reef burial, each of which has been 
shown to negatively impact benthic community 
members (Dayton et al. 1984, Watanabe et al. 2016). 

Often referred to as an ecosystem engineer, the gi-
ant kelp Macrocystis pyrifera creates biogenic habitat 
spanning the benthos to the surface; its fronds conse-
quently impose drag on currents throughout the wa-
ter column. M. pyrifera has been shown to alter water 
movement at multiple spatial scales, with implications 
for physical, chemical, and ecological processes 
(Gaylord et al. 2012). Most notably, at the patch to 
forest-wide scale (100s to 1000s of m), M. pyrifera can 
dramatically decrease alongshore current velocities 
and, to a lesser degree, cross-shore current velocities 
(Jackson 1998, Gaylord et al. 2007, Rosman et al. 
2007). Such modifications to flow not only have con-
sequences for community residents but can result in 
bio-physical and bio-chemical feedbacks with the 
vegetation itself (Hurd 2000, Reed et al. 2006, 
Gaylord et al. 2012, Frieder et al. 2012, Koweek et al. 
2017, Hirsh et al. 2020, Traiger et al. 2022). For exam-
ple, maintenance of sufficient nutrients relies on the 
delivery of new, nitrate-replete water throughout the 
kelp forest. Reduced current velocities can impair 
such delivery, resulting in nutrient limitation that 
slows growth rates of the forest (Hurd 2000). De-
creased cross-shore exchange, which can accompany 
reduced flows, further increases retention of nutrient-
depleted waters, contributing to forest-wide senes-
cence (Zimmerman & Kremer 1986, Rodriguez et al. 
2013). Current velocities also influence vertical mix-
ing, which affects kelp propagule sinking speeds and 
thus spore dispersal distances (Gaylord et al. 2002, 
2006). Importantly, reduced current velocities result 
in shorter spore dispersal distances (Gaylord et al. 
2004) which, in turn, can increase the potential for 
self-fertilization with associated reductions in fitness 
(Raimondi et al. 2004, Reed et al. 2006). 

Within-forest flows can be slower than incident 
ones by an order of magnitude or more (Jackson 
1998, Gaylord et al. 2007, Rosman et al. 2007). How-
ever, studies quantifying kelp-associated current 
modification have been limited mostly to week- to 
month-long examinations in particular seasons. For-
est density and canopy cover do exhibit general sea-
sonal trends, reaching their peak in the late summer 
months and their low in winter (Reed et al. 2009, 
Cavanaugh et al. 2011). Importantly, however, phys-
ical and biological processes can operate individually 

or in concert to drive more irregular patterns of kelp 
forest succession and, consequently, alter forest 
structure over a range of timescales (North 1971, 
Tegner et al. 1997, Graham et al. 2007, Rodriguez et 
al. 2013). The relative sparsity of longer-term hydro-
dynamic data gains even greater relevance given 
this dynamic character of M. pyrifera forests. A 
broader temporal understanding of kelp effects on 
flow is critical for determining long-term conse-
quences for forest inhabitants, especially those that 
depend on water motion for the provision of food, for 
successful fertilization (as in broadcast spawners, 
where egg and sperm meet through mixing), and for 
delivery of larvae required to sustain populations. 

Giant kelp beds experience large changes in den-
sity, areal coverage, and even height as new individu-
als emerge, add fronds (i.e. stipes with attached 
blades), and proliferate on the water’s surface. The 
vertical distribution of kelp material within the water 
column (e.g. canopy height) inherently determines 
the profile of drag imposed on impinging currents and 
likely influences the spatial patterns of attenuation 
throughout the water column. Nevertheless, previous 
in situ efforts have neglected much of this complexity, 
while focusing largely on comparisons of depth-
averaged current velocities. Although some work has 
compared near-surface and near-bottom flows, noting 
important seasonal differences in the velocity gradient 
throughout the water column (Gaylord et al. 2007, 
Rosman et al. 2007), understanding of finer details re-
mains incomplete. This information gap creates un-
certainties in attempts to understand processes asso-
ciated with certain vertical regions within a kelp 
forest. For example, M. pyrifera spores are released in 
the lower portion of the water column where this spe-
cies’ reproductive sporophylls reside, while sites of 
nutrient uptake occur primarily at the photosynthetic 
blades which are populated throughout the water 
 column but concentrated at the surface. In the near-
shore environment, nutrient-replete waters are typi-
cally found near the benthos, below the thermocline 
(Konot chick et al. 2012). Gradients in the flow profile 
can influence vertical mixing between the upper and 
lower regions of the water column, affecting nutrient 
supply throughout the water column and uptake rates 
by M. pyrifera blades (Fram et al. 2008, Rosman et al. 
2010, Konotchick et al. 2012, Kregting et al. 2011). De-
tailed investigations of vertical velocity gradients 
within kelp forests are therefore warranted. 

Given M. pyrifera’s well-documented capacity to 
substantially attenuate alongshore currents (more so 
than those in the cross-shore direction), this study 
focused on understanding the evolution of along-
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shore current attenuation throughout forest matura-
tion. Here, we quantified current velocities outside 
and within a temperate rocky reef that twice under-
went a transition from a barren state, in which the 
habitat was devoid of any vegetation, to one in which 
a thick surface canopy was present. Through this 
experimental framework, we address 2 specific ques-
tions: (1) to what extent does attenuation of along-
shore current velocities depend on forest age as for-
est characteristics (stipe density, individual density, 
number of stipes per individual, and surface canopy 
cover) change during forest development and (2) to 
what extent does alongshore current attenuation dif-
fer throughout the water column as a subsurface 
canopy emerges and develops into a surface canopy? 

2.  MATERIALS AND METHODS 

2.1.  Study site 

The focal site for this study, Marguerite Reef 
(33.757° N, 118.418° W), sits along the Palos Ver des 
Pen insula, within the central region of the Southern 
California Bight (Fig. 1), near Los Angeles, California, 
USA. The site is positioned along a roughly linear 
stretch of coastline, with a shoreline angle of 340° 
from north. In this region, subtidal currents are gener-
ally along-isobath with amplitudes of 10−20 cm s−1 
(Noble et al. 2009). Substrate at Mar gue rite Reef is 
composed of bedrock and large boulders interspersed 
with sand patches. Prior to this study, the reef was 
dominated by purple urchins Strongylocentrotus pur-
puratus, which were sufficiently abundant that the 

system had shifted into a ‘barren’ state with little to no 
macrophytes present (Burdick et al. 2016). As part of a 
broader kelp restoration project, the purple urchins 
were culled from Marguerite Reef between August 
2016 and January 2017, and a Macrocystis pyrifera 
forest subsequently developed, with kelp recruits ob-
served on the sea floor as early as March 2017. There 
was little-to-no understory algal community present 
throughout the study (Panos 2022), with a sparse and 
transient appearance of algal individuals across the 
site, including solitary individuals of Sargassum hor -
ne ri, S. muticum, Pterygophora californica, Eisenia ar -
bo rea, and Egregia menziesii (Grime et al. 2020). Pur-
ple urchin densities remained below 2 m−2 throughout 
the duration of this study (Grime et al. 2020). Coinci-
dent with high sea surface temperatures and elevated 
turbidity due to a nearby landslide, the kelp forest 
again disappeared in December 2018 but began to re -
emerge in June 2019. These changes in kelp density 
allowed for an exploration of forest ef fects on currents 
spanning 2 full cycles of kelp recovery and regrowth. 

2.2.  Kelp forest dynamics 

A combination of subtidal SCUBA surveys and 
satellite imagery was used to quantify changes in 
M. pyrifera forest structure throughout the study. 
Month ly subtidal swath surveys were conducted by 
divers over 2 experimental periods: November 2016−
May 2018 and April 2019−October 2019, referenced 
as the 2017 and 2019 experiments, respectively. Be -
tween November 2016 and May 2018, surveys were 
conducted along 8 evenly spaced transects (30 × 4 m, 
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Fig. 1. Marguerite Reef, Palos Verdes, California, USA, showing locations of the instruments placed inside and outside reef 
habitat (black dots); mean depths are noted within brackets. Dashed lines: outer and inner edges of the kelp forest, which  

generally follow seabed isobaths; yellow box: spatial extent within which kelp parameters were quantified
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30 m apart), positioned along a reference line ori-
ented perpendicular to shore (Fig. 1). Each individual 
transect ran parallel to shore. From April 2019 to Oc-
tober 2019, the 8 transects had dimensions of 30 × 2 m 
but otherwise followed the same sampling protocol. 
Along each transect, M. pyrifera individuals taller 
than 1 m and their respective stipes were counted to 
estimate the density of giant kelp. Observations of 
plant heights were recorded within 10 × 2 m sections 
of each transect to assess the rapidly changing sub-
surface canopy height as the M. pyri fera forest devel-
oped. These observations included the presence of 
individuals less than 1 m tall to capture the onset of 
new forest development.  

Surface canopy extents were derived from high-
resolution Planet Scope satellite data covering the 
boundary of the subtidal survey area (Fig. 1). An aver-
age of 5 images mo−1 were collected between Novem-
ber 2016 and December 2019. PlanetScope images are 
3 m resolution, contain 4 spectral bands (red, green, 
blue, and near-infrared), and are atmospherically and 
geometrically corrected (Planet 2021). All images were 
manually digitized into 2 classes (‘kelp’ and ‘other’) 
using ArcGIS software (ESRI). Monthly composites 
were created by calculating the class with the maxi-
mum number of observations within a single month 
for each pixel (i.e. if a pixel was classified as kelp 
canopy in 3 of the 5 images for that month, it was con-
sidered kelp canopy). This compositing helped ac -
count for errors in classification of individual images. 
To acquire the percentage of canopy cover that over-
lapped spatially with the subtidal kelp surveys, the 
maximum monthly coverage of surface canopy, deter-
mined by the monthly compositing, was then divided 
by the total boxed survey area (14 850 m2; Fig. 1). 

2.3.  Alongshore current velocity measurements 

Water velocities along 3 axes (east, north, and up 
[ENU] coordinates) were measured outside (depth 17 
± 2 m tidal amplitude, 33.75726° N, 118.41986° W) and 
inside (depth 10 ± 2 m tidal amplitude, 33.75712° N, 
118.41842° W) the rocky substrate characterizing 
Marguerite Reef using 2 acoustic Doppler current 
profilers (ADCPs: 1200 kHz Workhorse Sentinel, 
Teledyne RD Instruments; see Fig. 1). ADCP deploy-
ments spanned the 2 experimental periods, from No-
vember 2016 through May 2018 and from April 2019 
through September 2019. Prior to each deployment, 
the ADCPs underwent compass calibration and a se-
ries of sensor tests (WinSC Software; RD Instruments 
2001). The ADCPs were mounted looking upward 

within a custom-made fiberglass frame which was 
 positioned in a flat area on top of the benthos to mini-
mize tilt of the sensors (Gaylord et al. 2007). The out-
side and inside ADCPs recorded 48 and 50 pings, re-
spectively, per 3 min ensemble within 0.5 m vertical 
bins throughout the water column. The only exception 
to this protocol was that measurements collected in 
2019 utilized a vertical bin size of 1 m. WinSC 
software was used to conduct an initial assessment of 
beam correlation, pitch, and roll for each deployment, 
and subsequent analyses were conducted using R 
v.4.0.2 (R Core Team 2021). 

Raw velocity data were rotated to orient the hori-
zontal Cartesian coordinates parallel (alongshore, u) 
and perpendicular (cross-shore, v) to the coast, with 
positive values of u upcoast and negative values of u 
downcoast. The emphasis in this study was on along-
shore currents due to previous recognition of the for-
mer’s greater degree of attenuation by kelp (Jackson 
1998, Gaylord et al. 2007, Rosman et al. 2007). Veloc-
ity values in near-surface bins in the upper 10% of 
the water column were discarded due to data degra-
dation associated with known side-lobe artefacts 
characteristic of acoustic profiles (Gunawan & Neary 
2011). Velocity records from the remaining 90% of 
the water column were then averaged over 30 min 
blocks (Gunawan & Neary 2011). 

2.4.  Influence of kelp on depth-averaged currents 

To examine M. pyrifera’s effect on the alongshore 
current velocities, 30 min averaged alongshore 
velocity data were depth-averaged and then parti-
tioned into paired blocks of 10 d duration, one out-
side and one inside the reef habitat, each straddling 
a given kelp survey date. For each pair of 10 d time 
series, depth-averaged velocities outside of the reef 
were then regressed against those within the reef 
using major axis (MA) regression. This approach pro-
vided a quantitative assessment of the fractional 
decline in current speed on the reef in comparison to 
the simultaneous current speed outside of the reef 
habitat. A 1:1 slope would indicate no reduction in 
current speed on average when comparing the reef 
station to the station outside, while a smaller regres-
sion slope would indicate greater reduction of 
within-kelp current speeds compared to those out-
side. The slopes were then plotted as a function of 
stipe density to quantify the relationship between 
forest properties and the extent of current velocity 
damping. Note that because the topography and 
bathymetry between the 2 sensor locations remained 
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static throughout the study, the regression slopes cor-
responding to the zero-stipe case serve as reference 
points from which to compare further modifications 
due to kelp. Slopes were converted to a percentage 
of velocity reduction using: 

                           Pi = (1 – slopei) · 100                       (1) 

where Pi  is the percentage of velocity reduced within 
the inner region of the reef, slope is the slope of the 
MA regression of velocities outside versus inside the 
reef, and i is the stipe density (unique for each kelp 
survey date). Percentages of velocity reduction were 
then compared across stipe densities, which varied 
through time, to determine the relationship be tween 
kelp forest structure and reductions in depth-aver-
aged current speeds. A Šidák correction was applied 
to account for conducting multiple comparisons 
across the respective slopes. All statistical tests were 
accomplished in R v.4.0.2 (R Core Team 2021), with 
regressions and pairwise comparisons conducted us-
ing the package ‘SMATR’ (Warton et al. 2012). 

2.5.  Influence of subsurface canopy on  
alongshore currents 

To quantify alongshore velocity reductions as the 
subsurface canopy emerged and extended up to the 
surface, MA regression slopes were computed using 
30 min averaged alongshore velocity data from the 
0.5 m vertical bin corresponding to the 25th, 50th, and 
upper 75th percentile of the water column relative to 
the bottom in addition to depth-averaged velocity 
data. Because the previous 10 d time series could ob -
scure important patterns at shorter time scales rele-
vant to subsurface canopy development, alongshore 
velocity data were re-partitioned into pairs of mini 
time series, one outside and one inside the reef, each 
spanning a 3 d period within each week for the dates 
ranging between 20 April 2017 and 14 July 2017. For 
each weekly 3 d time series, velocities outside of the 
reef were then regressed against those within the 
reef using MA regression to produce a slope for each 
of the 3 percentiles of the water column (25th, 50th, 
and 75th). Slopes were compared through time and 
for each water column percentile to determine the 
timing and degree of attenuation with respect to the 
subsurface canopy. Pairwise comparisons of the 
respective slopes were conducted using a Šidák cor-
rection. All statistical tests were accomplished in R 
v.4.0.2 (R Core Team 2021), with MA regressions and 
pairwise comparisons conducted using the package 
‘SMATR’ (Warton et al. 2012). 

3.  RESULTS 

3.1.  Kelp forest dynamics 

The structure of the Macrocystis pyrifera forest at 
Marguerite Reef varied considerably throughout this 
study. In late 2016 and into early 2017, the reef was 
devoid of vegetation (2016 data with zeros not 
shown). Following urchin culling in late 2016, new 
M. pyrifera recruits began to appear on the benthic 
substrate in mid-April 2017 and grew rapidly, reach-
ing the water’s surface in late June 2017 (Fig. 2A). 
Kelp canopy was first detected by satellite image 
analysis in July 2017, which was in accordance with 
diver observations. The percentage of maximum 
canopy cover averaged (±SE) 51.3 ± 3.9% between 
July 2017 and February 2018, after which the canopy 
roughly doubled its coverage, averaging 90.1 ± 
0.68%. The site reached a maximum of 92% canopy 
cover in April 2018 (Fig. 2A). The kelp forest disap-
peared entirely in late 2018, resulting in the reef 
being once again devoid of vegetation. Canopy cover 
was detected next by satellite image analysis in June 
2019, which was in accordance with diver observa-
tions. The percentage of canopy cover increased 
from 14.4% in June 2019 to 34.6% in November 
2019, with an average of 26.8 ± 3.7% coverage over 
that timeframe (Fig. 2A). 

Though not characterized in detail, continuous 
kelp canopy was also present upcoast and downcoast 
of the focal survey area. At the time of peak canopy 
coverage at our field site in April 2018 (Fig. 2A), the 
total distance of continuous kelp canopy extended 
1800 m in the alongshore direction. The distance 
from the inside ADCP to the upcoast boundary of the 
forest was 1450 m long, while the distance from the 
inside ADCP to the downcoast boundary of the forest 
was 350 m long. 

Stipe density increased sharply from 0 stipes m−2 
in mid-April 2017 to 6.2 ± 1.9 stipes m−2 in late 
June 2017, reaching a maximum of 7.9 ± 1.5 stipes 
m−2 in late July 2017 (Fig. 2B). The forest subse-
quently underwent a period of thinning, as indi-
cated by a reduction in both stipe density and kelp 
density  (ind. m–2) from October 2017 into May 
2018 (Fig. 2B,C). While stipe and kelp densities 
slowly de creased beginning in October 2017, the 
size of remaining kelp individuals continued to 
increase into early spring 2018, as indicated by a 
gradual increase in kelp size (i.e. stipes ind.–1), 
from 2 ± 0.2 stipes ind.−1 in May 2017 to a maxi-
mum of 7.6 ± 0.8 stipes ind.−1 in May 2018 
(Fig. 2D). Such a pattern indicates a shift in the 
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structural composition of the forest; i.e. a shift from 
a forest composed of many plants each supporting 
a handful of stipes to one composed of fewer but 
larger individuals. In December 2018, Marguerite 
Reef experienced a complete loss of its subtidal 
vegetation. 

In June of 2019, Marguerite Reef again transi-
tioned from a reef composed of bare rock to one 
supporting a forest with surface canopy. Stipe den-
sity increased from 0 stipes m−2 in April 2019 to 3.8 
± 2.0 stipes m−2 in June 2019 and averaged 3.4 ± 
0.2 stipes m−2 between June and October 2019. 
Densities of kelp individuals initially increased to 

1.4 ± 0.6 ind. m−2 in June 2019, and then subse-
quently decreased to 0.5 ± 0.3 ind. m−2 by October 
2019. The size of the kelp individuals gradually 
increased throughout forest development, reaching 
a maximum of 4 ± 0.9 stipes ind.−1 by October 2019. 
While general forest growth patterns were similar 
be tween the 2 experimental periods (2017 and 
2019), when compared over the same timeframe 
following initial forest growth (i.e. May through 
November), the magnitude of peak plant and stipe 
densities as well as canopy coverage in 2019 were 
approximately 1∕3 to ½ of those observed in the 2017 
experiment. 
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Fig. 2. Changes in the Macrocystis pyrifera kelp forest structure at Marguerite Reef over the duration of the study: (A) per-
centage of canopy cover at the surface, (B) stipe density, (C) kelp density, and (D) stipes per kelp individual. Points: mean 
across transects; vertical bars: ±SE. Canopy coverage is the percent of kelp coverage over a rectangular area (see Fig. 1),  

overlapping with the subtidal kelp surveys (n = 8) 
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3.2.  Influence of kelp on depth-averaged 
 alongshore currents 

Alongshore current velocities above the reef were 
lower than those outside of the reef habitat in the 
absence of kelp (stipe density < 0.2 stipes m–2), con-
sistent with the tendency for alongshore currents to 
be slower in shallower water due to shoreline bound-
ary layer effects (Nickols et al. 2012, 2015). Currents 
in the reef habitat were then further reduced once 
the kelp forest developed. Kelp had a striking effect 
on alongshore current velocities within the reef habi-
tat, as readily seen by the decrease in velocities 
observed at the inner sensor station (Fig. 3, repre-
sented in yellow), which contrasts with the roughly 
unchanging pattern of velocities at the sensor station 
outside of the reef (Fig. 3, represented in blue). Sharp 
reductions in alongshore velocities within the inner 
region of the reef habitat coincided with an increase 
in kelp stipe densities in both 2017 and 2019. In con-
trast, alongshore velocities remained high and vari-
able outside of the reef habitat. Slow alongshore 
velocities persisted above the reef throughout the 

summer months and into the fall of each year, high-
lighted by the slower and less variable velocities 
observed at the inner sensor station in contrast to the 
faster and more variable velocities observed at the 
outer sensor station (Fig. 3). 

Comparison of root mean square (rms) velocities 
outside and within the reef habitat throughout forest 
development provides a general quantitative metric 
for characterizing the influence of kelp on average 
alongshore current speeds (Table 1). For example, 
alongshore rms velocities at the inner sensor station 
remained slow (i.e. less than 1 cm s−1) throughout the 
summer and into fall 2017, while rms velocities out-
side the reef habitat fluctuated between 3.2−4.9 cm 
s−1 (Table 1). Similarly, throughout the summer and 
into fall 2019, alongshore rms velocities inside the 
reef habitat remained less than 1.5 cm s−1, while rms 
velocities outside the reef habitat ranged between 
3.7−6.1 cm s−1 (Table 1). 

While informative, comparisons of rms velocities 
do not fully capture the underlying physical rela-
tionship between the 2 sensor stations. Comparing 
MA regression slopes of velocities outside and 
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Fig. 3. Depth-averaged alongshore velocities outside (blue lines) and inside (yellow lines) Marguerite Reef as a new kelp forest 
emerged between April and October in (A) 2017 and (B) 2019. Mean (±SE) Macrocystis pyrifera stipe densities at Marguerite  

Reef between April and October (C) 2017 and (D) 2019



Mar Ecol Prog Ser 694: 45–59, 2022

within the reef provides a more direct metric by 
which to calculate percent velocity reduction due to 
the presence of kelp (Fig. 4). Velocity reductions 
that occur in the absence of kelp can be attributed 
to frictional losses due to interactions with the ben-
thos and differences in sensor station depths within 
the coastal boundary layer (Nickols et al. 2012). 
Further velocity reductions can be attributed to the 
presence of kelp at a given stipe density (or forest 
structure). 

A sudden change in velocity reductions occurred 
at a threshold forest structure of 3 stipes m−2, at 
which much of the depth-averaged velocity reduc-
tion oc cur red (Fig. 4). In the absence of kelp (stipe 
densities ≤ 0.173), regression slopes ranged from 
0.46−0.85, representative of current reductions 
associated with seafloor friction and broader 
coastal boundary layer effects. In contrast, once 
the forest reached 3 stipes m−2 and the canopy was 
at the surface, slope regressions dropped uniformly 
to values below 0.12, indicating that velocities 
within the reef habitat were 12% of those outside 
of the reef habitat. Further reductions in depth-
averaged velocities also arose with in creasing 
stipe density (Fig. 5). Interestingly, when stipe 
densities were low (i.e. 1.7 stipes m−2) and the for-

est canopy had not yet reached the sur-
face, depth-averaged velocity reductions 
were not detectably different from the 
no-kelp regressions. 

3.3.  Influence of subsurface canopy on  
alongshore currents 

While depth-averaged velocity reduc-
tions were detectable only after a sur-
face canopy began to form, reduced 
velocities were readily visible in the 
lower region of the velocity profile be -
fore hand (Fig. 6). A subsurface canopy 
‘shadow’ characterized by re duced 
velocities was apparent within the inner 
re gion of the reef habitat and rapidly 
changed in height as the canopy grew 
toward the surface. 

Distinct regions of the water column ex -
hibited temporal lags in the extent of 
velocity reduction as the subsurface 
canopy developed. Initial observations of 
single-bladed kelp recruits blanketing 
the benthos occurred in mid-April 2017. 
Alongshore velocities in the 25th per-

centile of the water column (near-bottom) were re -
duced by >99% by 57 d post-recruitment (Fig. 7). 
Conditions of near-100% velocity reduction in the 
50th (middle) and 75th (near-surface) percentiles took 
an additional 14 and 21 d, respectively. 

4.  DISCUSSION 

In this study, we quantified reductions in along-
shore current velocities across successional stages 
of a restored Macrocystis pyrifera forest at Mar-
guerite Reef, Palos Verdes, California. Over the 
course of the study, the reef twice underwent a 
transition from a barren state, devoid of vegetation, 
to one in which a kelp forest was present. Peak 
forest densities in both the 2017 and 2019 experi-
ments were within typical ranges of mature M. 
pyrifera forests in California (1.9−15 stipes m−2 and 
up to 3 plants m−2; North 1971). Depth-averaged 
alongshore velocities above the reef decreased 
abruptly upon initial formation of the surface 
canopy and stipe density reaching roughly 3 stipes 
m−2. Stipe density exhibited a positive relationship 
with depth-averaged velocity attenuation. Velocity 
attenuation in the upper region of the water col-
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Experiment     Kelp survey date   Stipe   Depth-averaged alongshore  
                          (yyyy-mm-dd)    density     rms velocity (cm s−1) 
                                                        (m−2)            Outside        Inside 
                                                                                                       
2017                     2017-01-29         0.014             4.167           2.693 
2017                     2017-04-11         0.002             3.916           3.761 
2017                     2017-05-24         1.692             4.340           3.024 
2017                     2017-06-25         6.173             4.893           0.817 
2017                     2017-07-24         7.919             4.008           0.640 
2017                     2017-08-20         7.042             4.670           0.684 
2017                     2017-10-11         7.698             3.195           0.766 
2017                     2017-11-20         6.092             3.408           0.786 
2017                     2018-01-31         3.160             3.443           0.834 
2017                     2018-03-19         4.271             4.101           1.422 
2017                     2018-05-22         6.092             3.383           1.555 
 
2019                     2019-04-18         0.013             4.705           3.281 
2019                     2019-05-23         0.173             4.346           3.359 
2019                     2019-06-24         3.788             3.665           1.067 
2019                     2019-07-23         3.581             4.858           1.241 
2019                     2019-09-26         3.360             6.130           1.420 
2019                     2019-11-13         3.060             5.521           1.310

Table 1. Summary statistics for depth-averaged alongshore velocities 
(cm s–1) outside and inside the reef. Summary statistics were computed 
over a duration of 10 d, spanning a total of 20 tidal cycles each. Summary 
statistics include root mean square (rms) velocity outside and inside Mar-
guerite Reef. Each of the 10 d velocity timeseries (also represented in Fig. 4)  

corresponds to a unique subtidal kelp survey date



Elsmore et al.: Emerging kelp forests modify current velocities

umn lagged behind that of the lower region of the 
water column by a little over 1 mo, re vealing a 
seasonally changing velocity profile that could 
have important implications for community resi-
dents and for kelp itself. 

4.1.  Forest structure 

Stipe density governs much of the attenuation of 
alongshore current velocity observed at Marguerite 
Reef, but there are likely additional drivers at play. 
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Fig. 4. Major axis regressions of depth-averaged alongshore velocities outside and inside Marguerite Reef, across stipe densities. 
Plots are ordered and labeled by stipe density; corresponding survey dates can be found in Table 1. Lines: major axis regression 
slope; points: depth-averaged velocities corresponding with a given survey date. Blue coloration: relationships when negligible 
kelp was present (stipe density < 0.2); golden-brown coloration: relationships when kelp was present (stipe density > 0.2). Circles:  

data from the 2017 experiment; triangles: 2019
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Forest age and size of the kelp plants are also impor-
tant. For example, Marguerite Reef exhibited a lesser 
degree of velocity reduction when the kelp forest 

was ‘older’ and composed of fewer but larger individ-
uals for a given stipe density (Figs. 2 & S1 in the Sup-
plement at www.int-res.com/articles/suppl/m694p045
_supp.pdf). These data suggest that 2 forests sup-
porting the same stipe density but different ‘ages’ 
likely would not exhibit the same degree of along-
shore current attenuation — all else being equal, the 
‘younger’ forest would likely exhibit a greater degree 
of attenuation (Fig. S1). Therefore, the level of forest 
maturation may be a largely overlooked driver of 
alongshore current damping potential. 

Additionally, although the presence of a surface 
canopy appeared to be critical to the detection of 
kelp-associated reductions in depth-averaged veloc-
ity, additional canopy cover did not correspond with 
increased velocity reductions. Consequently, canopy 
cover per se may not be a dominant determinant of 
the degree of current attenuation, as discussed in 
previous studies (Rosman et al. 2007), and perhaps is 
a less useful metric for predicting current attenuation 
of mature forests at finer temporal scales (e.g. intra-
annual). Stipe density, kelp density, kelp size, and 
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Fig. 5. Reduction in alongshore velocities within Marguerite 
Reef across stipe densities. Points: percent velocity reduc-
tions (computed from major axis regression slopes) associ-
ated with each stipe density; vertical bars: ±SE; blue points: 
no kelp present (stipe density < 0.2); yellow points: kelp pres-
ent (stipe density > 0.2); circles: data from the 2017 experi-
ment; triangles: 2019. Arrow labeled ‘subsurface canopy’ in-
dicates when kelp was present but not yet at the surface

Fig. 6. Time series of alongshore velocity profiles (A) outside and (B) inside Marguerite Reef, spanning the transition from a 
barren reef to one supporting a kelp forest with a surface canopy. Red: upcoast flows; blue: downcoast flows. Darker shades: 
greater velocities; lighter shades: slower velocities; white: 0 cm s−1. Black points in (B) represent kelp canopy heights esti-
mated by divers during each kelp survey. The April timepoint corresponds to the first sighting of single-bladed kelp recruits 
on the benthos; it appears below the shaded portion of the graph because velocity data are available only down to within ~2 m  

of the seafloor due to the finite size and sensing limitations of the recording instrument

https://www.int-res.com/articles/suppl/m694p045_supp.pdf
https://www.int-res.com/articles/suppl/m694p045_supp.pdf
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canopy cover measured in this study covaried, how-
ever, limiting our capacity to quantitatively determine 
the effects of differing forest structures on the degree 
of velocity reduction. All of these factors, therefore, 
warrant future investigation. Additionally, while 
changes in kelp canopy cover likely impact surface 
flows, bottom-mounted, upward-looking ADCPs are 
unable to reliably characterize surface current veloci-
ties (Gunawan et al. 2011), necessitating an alterna-
tive experimental approach in future work to under-
stand drivers of attenuation of surface currents. 

Alongshore velocity attenuation can depend on 
kelp plant density and alongshore distance traveled 
into the forest (Gaylord et al. 2012). This same effect 
has been documented in seagrass meadows and other 

aquatic vegetation (Colomer et al. 2017, Layton et al. 
2019). Therefore, the precise levels of velocity reduc-
tion documented in this study and others may depend 
on the exact location of the instruments relative to the 
leading edges of the forest. For example, in April 
2018, the alongshore extent of continuous canopy was 
asymmetrical with respect to the position of the inside 
ADCP, such that canopy distance up coast was over 4 
times the distance downcoast. One might expect a 
greater degree of attenuation in down coast currents, 
after transiting through a greater distance of kelp, 
than upcoast currents, which transited through a 
lesser distance of kelp. Interestingly, however, we did 
not observe strong differences in upcoast and down-
coast velocity reduction around this time period 
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Fig. 7. Extent of alongshore velocity reduction within the Marguerite Reef kelp forest habitat in 2017 varies throughout the 
water column as a subsurface canopy emerges and grows to the surface. (A) Percent velocity reductions of weekly averaged 
flow speeds. Vertical bars: ±SE. Black triangles represent depth-averaged data, and green squares, orange diamonds, and pink 
circles represent data from velocities at the 25th, 50th and 75th percentile positions of the water column, respectively. White 
region: period when single-bladed kelp recruits were first observed; blue region: when kelp fronds (stipes plus blades) re-
mained subsurface; yellow region: when a surface canopy was present. (B) Average root mean square (rms) velocity quanti-
fied at multiple heights throughout the water column to provide a depth-specific vertical profile of horizontal velocity, corre-
sponding to box numbers 1−3 in (A). Blue and yellow points: values from outside and inside the reef habitat, respectively.  

Horizontal lines: positions in the water column that correspond to the time series in (A)
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(Fig. 4), suggesting limited effects of asymmetry in 
neighboring kelp extent. Edge effects, and conse-
quently forest size, may play less of a role in driving 
the degree of alongshore attenuation once the along-
shore distance traveled reaches an upper threshold. 
Potential roles of neighboring kelp forests, degree of 
continuity/patchiness, and the sizes at which they be-
come important warrant future exploration. 

4.2.  Subsurface canopy 

Depth-specific velocity reductions above the reef 
align temporally and spatially with anticipated 
changes in subsurface canopy height. In late May 
2017, velocity reductions detected at the bottom 25th 
percentile position of the water column coincided 
with an increase in velocities in the middle of the wa-
ter column, as represented by a decrease followed by 
an abrupt reduction in the middle 50th percentile po-
sition in Fig. 7. As alongshore velocities encounter an 
obstacle, in this case a subsurface canopy, the water 
must either re-route laterally around the obstacle or 
vertically above the obstacle. While water is likely 
also re-routed laterally, the spike in velocities in the 
region above the subsurface canopy, observed in late 
May 2017 at the middle 50th percentile position of the 
water column and to a lesser degree in late June 
2017 at the upper 75th percentile position of the water 
column, suggests water is being re-routed vertically, 
producing faster velocities just above the subsurface 
canopy. Submerged canopies formed by seagrasses 
and macroalgae can also significantly alter the shape 
of the current velocity profile (Andersen et al. 1996, 
Løvås & Tørum 2001, Bryan et al. 2007, Abdolahpour 
et al. 2017, Kregting et al. 2021). In the case of an es-
tablished forest supporting a surface canopy, vertical 
re-routing is physically constrained by the sea sur-
face, and thus water is redirected around the lateral 
edges of the forest, manifesting as accelerated veloc-
ities along the forest edges as observed in previously 
studied M. pyrifera forests (Jackson & Winant 1983, 
Jackson 1998, Gaylord et al. 2007). 

Relevance of the physical process of re-routed 
water is not limited to emerging kelp forests. Estab-
lished and multi-year-old giant kelp forests, such as 
those commonly found in Southern California, expe-
rience a seasonal surge of new recruits in springtime. 
Data shown in Figs. 6 & 7 suggest that roughly annual 
pulses of new kelp recruits could further modify the 
profile of alongshore velocity reductions. This trend 
could be of particular importance to not only the kelp 
itself, via altered nutrient transport, but to the myriad 

community members that occupy the kelp forest. For 
example, many benthic invertebrates are broadcast 
spawners and rely on water motion to facilitate fertil-
ization of eggs and sperm (Crimaldi & Zimmer 2014) 
as well as transport of their larvae across multiple 
temporal and spatial scales (Pineda et al. 2007). Im -
portantly, alterations of the spatial patterns of current 
velocities can have consequences for the fate of both 
local dispersers with short larval durations (i.e. minutes 
to days), such as the colonial tunicate Trididemnum 
solidum (Shanks 2009), and longer distance dispersers 
with long larval durations (i.e. weeks to months), such 
as the purple urchin Strongylocentrotus purpuratus 
(Heyland & Hodin 2014). Furthermore, while benthic 
suspension feeders rely on water motion to deliver 
phytoplankton and other suspended food sources to 
near-bed re gions of the water column where they 
live (Peque g nat 1964, Page et al. 2008), other plank-
tivores, such as rockfish, rely on the delivery of zoo-
plankton to regions higher in the water column, 
where adults and juveniles of some species reside 
(Pequegnat 1964, Gaines & Roughgarden 1987). 

4.3.  Residence time 

Modifications to the alongshore current velocity 
profile can also have profound effects on the resi-
dence time of water, particularly in lower regions of 
the water column as cohorts of new kelp recruits 
emerge. Reduced current velocities, as observed in 
this study, can lengthen residence times of water in-
ternal to the kelp forest, which in turn can lead to in-
creases in chemical stratification and nutrient de -
pletion. For example, slower flows increase the 
amount of time kelp is in contact with a given pool of 
water, determining the capacity of kelp to chemically 
modify the water properties through photosynthetic 
uptake of CO2 and production of oxygen (Hirsh et al. 
2020, Traiger et al. 2022). Because much of the kelp-
driven chemical alteration occurs in the surface wa-
ters where the photosynthetic biomass is concen-
trated, the water column can become chemically 
stratified, creating chemically distinct regions within 
the water column (Traiger et al. 2022). Severely re -
duced velocities, such as those observed following 
surface canopy formation in both the 2017 and 2019 
experiments, can further exacerbate differences in 
water column chemistry. Additionally, entrapment of 
poorly oxygenated waters can occur within depres-
sions of the rocky reef, creating ‘internal tide pools,’ 
which can be particularly consequential for kelp for-
est organisms residing in the lower region of the wa-
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ter column (Leary et al. 2017). Residence time of low-
oxygen water within these pools is likely in creased in 
scenarios such as those observed throughout June 
2017, when the emerging subsurface canopy attenu-
ated much of the alongshore velocities in the lower 
region of the water column. Further, reductions in 
near-bottom current velocities can limit the influx 
and lateral transport of nutrient-replete waters 
throughout the forest (Fram et al. 2008), which can 
drive temporal and spatial patterns of forest recovery 
following restoration as well as forest growth more 
broadly (Stewart et al. 2009). Each of these biophysi-
cal and biochemical processes contribute to the 
patchy mosaic of water column properties experi-
enced by kelp forest community members. Impor-
tantly, attenuation of flows occurs to varying degrees 
in different regions of the water column depending 
on forest growth and structure which, in turn, can ex-
acerbate or ameliorate stressors, such as ocean acidi-
fication, hypoxia, or nutrient repletion. 

4.4.  Transport of particulates and detritus 

Currents can interact with kelp to control sediment 
transport and suspension of particles within the water 
column, influencing patterns of kelp persistence and 
benthic community composition through processes 
such as benthic scour, reef burial, and reduced light 
penetration (Eckman et al. 1989, Shiel & Foster 2015, 
Watanabe et al. 2016, Tait 2019). While strong current 
velocities can result in sediments being transported 
long distances across reefs (Ferré et al. 2010), the 
presence of a kelp forest likely impedes alongshore 
sediment transport and facilitates localized sediment 
accretion through attenuation of currents. Reduced 
alongshore transport of sediments can be of particular 
concern for rocky reef communities found adjacent to 
coastal regions prone to erosion and landslides, such 
as the Palos Verdes Peninsula (Ferré et al. 2010). For 
example, sediment plumes following landslides can 
reduce species diversity and biomass as well as shift 
benthic community composition in adjacent impacted 
kelp forest communities (Kiest 1993). Beyond direct 
burial of existing benthic community members, in-
creased sedimentation can limit recruitment of kelp 
and other benthic species by obstructing substrate at-
tachment, scouring new individuals, or inhibiting 
light; the latter of which is particularly consequential 
for early life stages of primary producers (Watanabe 
et al. 2016, Tait 2019). Reduced light penetration 
caused by increased turbidity severely reduces kelp 
productivity (Blain et al. 2021) and drives the assem-

blage of macroalgal community structure and compo-
sition (Shep herd et al. 2009). Interestingly, such con-
sequences of altered sediment transport and particle 
suspension likely contributed to the temporal patterns 
of kelp forest structure observed in this study. The 
complete loss of subtidal vegetation at Marguerite 
Reef in late 2018 coincided with a landslide that oc-
curred just up the coast, with the winter of 2019 ex-
hibiting higher turbidity levels than in the winter of 
2018 (Rukstales et al. unpubl. data). Partial reef burial 
and increase in water column particulates resulted in 
a thin layer of sediment covering the blades that per-
sisted at the site throughout the 2019 experiment. 
Subsequent forest recovery observed in the 2019 ex-
periment was significantly less than what was ob-
served in the 2017 experiment and was likely driven 
in part by biophysical feedbacks among kelp, along-
shore currents, and sediment influx. While gi ant kelp 
forests have little capacity for coastal protection by 
way of attenuation of surface gravity waves (Elwany 
et al. 1995, Elsmore 2021), waves may contribute sig-
nificantly to processes of sediment entrainment, re-
suspension, and deposition within the coastal zone. 
These and other wave effects, as well as their capacity 
to interact with currents that themselves are modified 
by the presence of kelp (Grant & Madsen 1986, Gay-
lord et al. 2002, 2004), are beyond the scope of this 
study, although a subset of these biophysical processes 
are explored in a companion work (Elsmore 2021). 

5.  CONCLUSIONS 

This study quantified reductions in alongshore 
velocities within reef habitat that twice underwent a 
transition from a barren state to one supporting a kelp 
forest with a surface canopy. Reductions in depth-
averaged velocities increased with increasing stipe 
density once a surface canopy was present. Subsur-
face canopy development resulted in temporal and 
spatial lags in current attenuation depending on ver-
tical position in the water column. In particular, when 
the kelp was short, velocity was reduced in the lower 
part of the water column only. When kelp reached 
the surface, velocity was reduced over the full water 
column. Our results reinforce existing literature 
showing giant kelp forests have the capacity to sub-
stantially modify alongshore currents and provide 
new insights into the role forest structure plays in 
determining the degree of flow reduction and its 
spatial and temporal patterns. These findings have 
implications for larval, nutrient, detrital, and sedi-
ment transport in the nearshore environment. 
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