
1. Introduction
In coastal regions of the eastern Pacific Ocean, as well as in Australia, Tasmania, and New Zealand, dense 
stands of giant kelp (Macrocystis pyrifera) are common. These kelp forests are hotspots of biodiversity and 
productivity, providing a suite of critical ecosystem services including coastal protection, carbon sequestration, 
fisheries, and tourism (Arafeh-Dalmau et al., 2020; McCay et al., 2014). Ecologically relevant flows in these 
ecosystems are associated with tides, surface wind stresses, and internal and surface waves (see review in Gaylord 
et al. [2012]). Most notably, while kelp appears to have little effect on incident swell (Elwany et al., 1995), kelp 
forests can significantly weaken nearshore currents (Gaylord et  al.,  2007; Jackson & Winant,  1983; Rosman 
et al., 2007). Such changes can have broad reaching impacts on nutrient delivery, larval supply, and ecosystem 
function (Gaylord et al., 2012; Wheeler, 1980). For example, Jackson and Winant (1983) reported overall velocity 
reductions of flows inside a kelp forest in southern California by a factor of 1/3 relative to flows outside, and 
noted both damping of semidiurnal tidal components and attenuation of incident internal waves. Similarly, for a 
smaller kelp forest, Gaylord et al. (2007) observed depth-averaged velocities that were 1.5–5 times slower than 
currents in kelp-free regions (Gaylord et al., 2007).

As part of a larger interdisciplinary study of socio-ecological systems based in nearshore fisheries at Isla Nativi-
dad, Baja California, Mexico (Micheli et al., 2012; Woodson et al., 2018), we observed extreme variations in the 
density (0 to >3 kg m −2) of Macrocystis pyrifera due to a multiyear period of temperatures well above long-term 

Abstract As part of a project focused on the coastal fisheries of Isla Natividad, an island on the Pacific 
coast of Baja California, Mexico, we conducted a 2-1/2 year study of flows at two sites within the island's 
kelp forests. At one site (Punta Prieta), currents are tidal, whereas at the other site (Morro Prieto), currents are 
weaker and may be more strongly influenced by wind forcing. Satellite estimates of the biomass of the giant 
kelp (Macrocystis pyrifera) for this period varied between 0 (no kelp) and 3 kg/m 2 (dense kelp forest), including 
a period in which kelp entirely was absent as a result of the 2014–2015 “Warm Blob” in the Eastern Pacific. 
During this natural “deforestation experiment”, alongshore velocities at both sites when kelp was present were 
substantially weaker than when kelp was absent, with low-frequency alongshore currents attenuated more than 
higher frequency ones, behavior that was the same at both sites despite differences in forcing. The attenuation 
of cross-shore flows by kelp was less than alongshore flows; thus, residence times for water inside the kelp 
forest, which are primarily determined by cross-shore velocities, were only weakly affected by the presence 
or absence of kelp. The flow changes we observed in response to changes in kelp density are important to the 
biogeochemical functioning of the kelp forest in that slower flows imply longer residence times, and, are also 
ecologically relevant in that reduced tidal excursions may lead to more localized recruitment of planktonic 
larvae.

Plain Language Summary Observations of flows were made during a two and one half year 
period when the state of kelp forests in the nearshore of an island off Baja California varied between lush 
and nonexistent. These measurements are used to show how density of kelp biomass affects currents in the 
nearshore of the island. Notably, the effects vary with the frequency with which the currents vary, and are much 
stronger for flows along the coast as opposed to cross-shore flows that control exchange water in the kelp forest 
with water offshore.
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frequency  ones

•  Because attenuation of cross-shore 
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averages. While kelp forest biomass is inherently dynamic, the anomalous warm water conditions observed start-
ing in 2014 led to massive losses of kelp biomass across its range in the NE Pacific (Cavanaugh et al., 2019; 
Reed et al., 2016). These severe losses in biomass are uncommon on subdecadal scales (Bell et al., 2020). Thus, 
the complete disappearance of the kelp forest surrounding Isla Natividad observed in 2014 allows for an unprec-
edented opportunity to quantify the influence of kelp forest state on the flow around a complex coastal system.

In this paper, we use observations made during this natural experiment to assess how kelp biomass variations 
affect several aspects of flows through the Isla Natividad kelp forests and consider these observations in light 
of the theory of flow through living roughness like that provided by the kelp. In what follows we describe the 
observed temporal variations in biomass, currents, surface waves, and temperatures, highlighting differences 
in physical conditions at the two sites, and at each site as kelp biomass varied. In addition to documenting the 
dramatic changes in the strength of depth-averaged currents that accompany changes in kelp biomass, we discuss 
the frequency dependence of attenuation of currents, showing that low-frequency alongshore currents are most 
strongly affected by kelp drag, behavior that is consistent with unsteady canopy flow theory (Lowe et al., 2005). 
Strikingly, although flows at the two sites differ in many respects, the overall attenuation of flows by kelp is 
the same for both sites. Lastly, we also consider how these flow variations affect residence time and alongshore 
transport, hydrodynamic characteristics that are important to kelp forest biogeochemistry, larvae dispersal, and 
larval connectivity.

1.1. Theoretical Considerations

While it is well known that flows inside a kelp forest, like flows through other vegetation (Nepf,  2012), are 
weaker than flows outside the kelp forest, the physics involved is surprisingly complicated, depending on details 
of the kelp geometry including particularly the surface canopy, which can change with flow (Gaylord et al., 2008; 
Utter & Denny, 1996), the geometry of the kelp forest as a whole (Rominger & Nepf, 2011), the presence or 
absence of waves (Rosman et al., 2013), and possible interactions among these factors.

As a starting point, consider the depth-averaged momentum equations assuming that the wave forcing is negligi-
ble (e.g., Arzeno et al., 2018; Rominger & Nepf, 2011):

𝜕𝜕 ⃖⃖⃗𝑈𝑈

𝜕𝜕𝜕𝜕
+ ⃖⃖⃗𝑈𝑈 ⋅ ∇ ⃖⃖⃗𝑈𝑈 = −𝑔𝑔∇𝜂𝜂-

⃖⃖⃗𝑭𝑭 𝐾𝐾 − ⃖⃖⃗𝐹𝐹 𝐵𝐵 (1)

Here, 𝐴𝐴 ⃖⃖⃗𝑈𝑈  is the depth-averaged velocity, 𝐴𝐴 𝐴𝐴 is the free-surface deflection, 𝐴𝐴 ⃖⃖⃗𝐹𝐹 𝐾𝐾 is the drag force associated with kelp, 

and 𝐴𝐴 ⃖⃖⃗𝐹𝐹 𝐵𝐵 is the drag force associated with bottom stresses. Both 𝐴𝐴 ⃖⃖⃗𝐹𝐹 𝐾𝐾 and 𝐴𝐴 ⃖⃖⃗𝐹𝐹 𝐵𝐵 can depend on waves, and 𝐴𝐴 ⃖⃖⃗𝐹𝐹 𝐾𝐾 ∝ 𝑉𝑉 𝑛𝑛
𝐾𝐾

 
where the power law dependence is n on the velocity relative to the (moving) kelp, 𝐴𝐴 𝐴𝐴 𝑛𝑛

𝐾𝐾
 can be less than the stand-

ard value of 2 (Gaylord et al., 2008; Utter & Denny, 1996). Inside the kelp forest, 𝐴𝐴 𝐴𝐴∇𝜂𝜂 ≃ −⃖⃖⃗𝐹𝐹 𝐾𝐾 , that is, the local 
pressure gradient balances drag on the kelp, although, as seen in canopy flows (Lowe et al., 2005), unsteady 
inertia can remain important such that low-frequency flows are attenuated more by the canopy drag than are 
high-frequency flows.

This frequency-dependent attenuation by kelp drag can be examined using scaling. In the absence of waves (cf., 
Lowe et al., 2005):
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where T is the period of oscillation (e.g., the M2 tidal period), d is the effective kelp sporophyte diameter, equal 
to the stipe diameter for a single stipe or something larger for multiple stipes on a single individual, h is the local 
depth, and s is the spacing of the sporophytes. Equation 2, which assumes that the drag coefficient appropriate to 
individual kelp plants is O(1), implies that drag dominates when the sporophyte spacing is small, the flows are 
strong, or the time scale of flow variation is long. In this case, all else being equal, alongshore flows, which are 
typically stronger than cross-shore flows, should be more drag influenced and thus more attenuated by kelp drag.
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On the other hand, if the kelp drag is assumed to be wave dominated so that 𝐴𝐴 𝐴𝐴𝐾𝐾 ∝ 𝑣𝑣𝑤𝑤𝑈𝑈 , where vw is the wave 
velocity, then

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝐹𝐹𝐾𝐾

∼

(

𝑑𝑑

𝑠𝑠𝑠

)2 𝑠

𝑣𝑣𝑤𝑤𝑇𝑇
, (3)

so that the extent to which drag dominates is independent of flow strength. In this case, alongshore and cross-shore 
velocities should be attenuated equally. These two possible models of kelp drag's effect on alongshore and 
cross-shore flows are examined below.

2. Methods
The data we present come from two long-term moorings deployed in the nearshore waters of Isla Natividad on 
the Baja California Peninsula (Figure 1) between March 2013 and September 2015. Some aspects of these data 
are presented elsewhere (Woodson et al., 2018); here, we primarily focus on the velocity measurements. The two 
mooring locations at Isla Natividad differ in shelf width, slope, exposure to oceanic water, tidal current magni-
tude, and extent of kelp coverage, each representing distinct but common kelp forest settings across the region. 
Strong, tidally forced channels over the wide shelf connecting Vizcaíno Bay to the Pacific Ocean characterize 
Punta Prieta (hereafter PP). In contrast, Morro Prieto (hereafter MP), on the southwest side of the island, is char-
acterized by active upwelling and weak tidal currents (Alnajjar, 2019; Dawson, 1952). Initially, the instrument set 
was deployed (or redeployed) and recovered on roughly 3-month intervals, later this was extended to 6 months. 
The result is a set of 6 deployment periods over a period of 2-1/2 years. Because the same instruments were used 
throughout this period, breaks between deployments were 1–4 days long.

These moorings included bottom-mounted 1 MHz Nortek Acoustic Doppler Profilers (ADPs) and Seabird 37 
CTDOs, as well as thermistor chains made up of 3 SBE56 thermistor loggers. Table 1 gives details of the instru-
ment configurations for the PP and MP moorings and references each deployment by location and number, for 
example, PP3 is the third deployment at Punta Prieta (3/7/13 to 7/2/13). ADP current profiles with 0.5 m resolu-
tion were recorded on 5, 10, or 30 min intervals depending on the deployment; these we will refer to as instanta-
neous velocities. Heights listed below are presented in meters above bed (mab). The moorings themselves were 
located in sand patches in the middle of nearshore kelp stands. Typical distances from the mooring to nearby kelp 
were 20 m (PP) and 10 m (MP). We do not have salinity and water column temperature measurements at MP from 

Figure 1. Long-term mooring locations, bathymetry, and the distribution of average satellite-derived kelp biomass during the 
study period. The dashed red lines show the areas used to estimate the region for which kelp biomass might influence flows at 
the two moorings.
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March to September 2014 because the CTDO and thermistors were lost sometime in late August/early September 
when several hurricanes were present off the coast of Baja California.

Depth-averaged velocities were rotated to alongshore and cross-shore directions by maximizing variance in the 
alongshore direction (Emery & Thomson, 2004). For the tidally dominated PP mooring, this was done once for 
the set of 6 deployments taken as a whole. Because of internal compass issues with the ADP at MP, this rotation 
was done separately for each deployment. Currents and tidal elevations for each of the 6 deployments at both sites 
were harmonically analyzed using the Matlab™ function t_tide (Pawlowicsz et al., 2002).

To quantify changes in flow with kelp biomass, we computed several tidally averaged quantities. We used 
the Godin moving average filter (Godin,  1972) to estimate time varying root mean square (RMS) values of 
depth-averaged velocities and other properties, for example, for depth-averaged velocities:

�rms =
{

�
(

� 2)}1∕2 (4)

where F is the Godin filter and V is the depth-averaged alongshore velocity. Given that the Godin filter comprises 
a sequence of 3 moving averages, it is a variant of a moving average filter described by Bendat and Piersol (2000) 
as being suitable for computing RMS values of nonstationary signals, albeit one that is well suited for tides.

Flow variability was also quantified using frequency spectra. These were calculated using the Matlab™ function 
pwelch, which implements Welch's FFT-based method for spectra estimation (Emery & Thomson, 2004). While 
data segment and FFT length varied depending on the data being analyzed, in all cases we used a Hamming 
window that was half the length of the FFT. In what is shown below, the spectral resolution of the time-varying 
spectra was not sufficient to separate out different diurnal and semidiurnal band harmonics, and so peaks at these 
frequencies (1 cpd and 0.5 cpd) likely represent the combination of multiple constituents.

Because surface waves can be important, near-bottom wave velocities and pressures were measured as 1,024 
sample bursts once per hour for deployments 2 through 5. As with the mean velocities, RMS wave velocities for 
each burst were estimated by rotation of the coordinate axes to principal axes for each burst and then comput-
ing the burst-averaged RMS value of the instantaneous major axis velocity, vw. Pressure data were converted 
to free-surface elevation variations using the frequency and depth-dependent transfer function given by linear 
wave theory (Dean & Dalrymple, 1991). For each burst, these free surface elevations were then used to compute 
using spectral moments, average wave period, Ta, and significant wave height, Hs, as described in Dean and 
Dalrymple (1991). Using linear wave theory, pressure spectra were also used to calculate wave-induced velocities.

Period Dates Mean vel. a,b Waves b Thermistor chain c CTDO

1 (PP1/MP1) 3/7/13 to 7/2/13 10 min/1 min No Both: 1,6,11 mab Both: 
10 min0.5 m bins

2 (PP2/MP2) 7/4/13 to 9/9/13 10 min/1 min 1 hr/1,024@1 Hz Both: 1,6,11 mab Both: 
10 min0.5 m bins 1 m wave bin

3 (PP3/MP3) 9/13/13 to 3/29/14 5 min/30 s 1 hr/1,024@1 Hz Both: 1,6,11 mab Both: 
10 min0.5 m bins 2 m wave bin

4 (PP4/MP4) 3/31/14 to 9/10/14 10 min/1 min 1 hr/1,024@1 Hz PP: 1,6,11 mab PP: 10 min

0.5 m bins 2 m wave bin MP: no MP: no

5 (PP5/MP5) 9/12/14 to 2/20/15 10 min/1 min 1 hr/1,024@1 Hz Both: 1,6,11 mab Both: 
10 min0.5 m bins 2 m wave bin

6 (PP6/MP7) 3/16/15 to 9/11/15 30 min/1 min No Both: 1,6,11 mab Both: 
10 min0.5 m bins

 aSampling: Interval between profiles/averaging period for each burst.  bSampling: Interval between wave burst/wave burst 
sampling; Velocity measurements made in bin size shown centered at 0.4 m + (1/2) × (wave bin size).  cSampling: 0.5 Hz—
data later converted to 10-min averages.

Table 1 
Instruments and Sampling Details
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The PP velocity data were used to estimate residence time, Tr, defined as the length of time water particles spend 
in a given region of space (Lucas & Deleersnijder, 2020). Estimates of Tr were computed as follows: For each 
time step, we released an imaginary particle starting in the center of the kelp forest and used velocities near the 
bottom and near the surface to calculate subsequent displacements, and thus the time the particle first leaves the 
kelp forest, that is, for cross-shore flows, the time to go one half the width of the forest (125 m) from its start-
ing point, a time which we define as our residence time estimate. For the alongshore flows, we made a similar 
calculation, albeit using the half length of the entire kelp forest (1,000 m) on the eastern side of the island as the 
distance which must be traversed to exit the kelp forest. Given that this procedure can be done for every time at 
which the ADP measured velocities, what results are distributions of residence times. Note that this approach 
assumes that the water column is well mixed, an approximation that seems appropriate to describe the general 
behavior of the flow.

The PP velocity data were also used to calculate a related quantity associated with transport, the tidal excursion, 
𝐴𝐴 𝐴𝐴 (𝑡𝑡) , that is, the horizontal displacement of water particles due to tidal motions. To compute 𝐴𝐴 𝐴𝐴 (𝑡𝑡) , the tidal veloc-

ity, computed by subtracting the tidally filtered velocity from the instantaneous velocity, is integrated in time:

𝜁𝜁 (𝑡𝑡) =

𝑡𝑡

∫
0

{𝑉𝑉 − 𝐹𝐹 (𝑉𝑉 )} 𝑑𝑑𝑡𝑡𝑑 (5)

This was computed separately for each deployment; what is presented below is the RMS value of 𝐴𝐴 𝐴𝐴 , a quantity 
that is independent of the limits of integration in Equation 5.

For purposes of comparison of wind forcing at Morro Prieto, NCEP Reanalysis data for wind speeds were 
provided by NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their website https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.surface.html. Wind velocities at 10 m above the surface for the NCEP grid point 
closest to Island Natividad were converted to shear velocities using a wind drag coefficient of 1.3 × 10 −3.

Lastly, estimates of kelp biomass at Isla Natividad were obtained using Landsat 7 and 8 (see Bell et al., 2020). 
The highest temporal resolution possible for this data is 8 days, provided no local cloud cover interferes with the 
satellite measurements (Bell et al., 2015). The spatial resolution is 30 × 30 m. Since satellite measurements can 
only capture canopies reaching the water surface, the biomass data are limited to estimates based on the surface 
canopy biomass. In this analysis, kelp biomass for each of the two sites was estimated by computing the average 
biomass in each of the boxes shown in Figure 1. The length of these boxes (∼600 m) was chosen to correspond 
approximately to average tidal excursions at each site and the widths to the cross-shore extents of the kelp forest 
at each site. Experimentation with different size boxes, including ones that extended over the entire length of each 
side of the island did not substantially change the results. Nonetheless, it is important to note that the region of 
hydrodynamic influence of the spatially varying density of kelp sporophytes remains an open question.

3. Results
In this section, we present data showing background temperature variations and wave climate; these data provide 
a basis for understanding the changes in kelp biomass observed throughout our study. This is followed by pres-
entation of the current data, including the harmonic decomposition of currents measured at PP, where tides 
dominate, and the dependence of current strength on kelp biomass for both sites.

3.1. Long-Term Temperature Variability at Morro Prieto and Punta Prieta

During the spring, warming of the nearshore waters of Isla Natividad is limited by upwelling events that can at 
times cause decreases in temperatures of up to 5°C along with significant decreases in dissolved oxygen (DO) 
concentrations (Woodson et al., 2018). Temperatures, and consequently DO concentrations, are generally lower 
at MP than at PP (Woodson et al., 2018). The different thermal environments of the two sites can be seen in 
Figures 2a and 2b, power spectra of bottom temperatures as functions of time and frequency for the two sites. 
Diurnal and semidiurnal variability of temperature at both sites was seasonal, with temperatures being much 
more variable from April through September than it was for the other 6 months. Subtidal temperature fluctu-
ations, presumably due to upwelling, represent a much larger fraction of the total temperature variance at MP, 
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the open ocean side of the island. Nonetheless, aside from two events associated with hurricanes (Hurricanes 
Marie, Norbert, and Odile in 2014 and Hurricane Dolores in 2015), subtidal temperature variability at the two 
sites was quite similar (Figure 2c). In contrast, the differences in diurnal and semidiurnal band variances from 
April to September between the two sites are striking (Figures 2d and 2e): bottom temperatures at PP are far more 
variable at tidal frequencies than are bottom temperatures at MP. Given that the water column depths at the two 
sites are similar (13 m at PP vs. 15 m at MP), diurnal temperature changes due to surface heating and cooling at 
the two sites should be similar; thus, the large difference in diurnal variability must be due to tidal advection and 
internal waves. Semidiurnal temperature variability is not associated with surface heating and cooling. Moreover, 
examination of the temperature records at PP show that semidiurnal temperature variations are much stronger 
near the bottom than near the surface, and so must be associated with internal waves, as reported (e.g.,) by Walter 
et al. (2014) for a kelp forest in Monterey Bay, central California, USA.

Figure 2. Power spectra as functions of time and frequency, f, at: (a) Morro Prieto and (b) Punta Prieta. Variation in time 
of bottom temperature variance for: (c) subtidal frequencies (f < 0.7 cpd); (d) diurnal frequencies (0.7 < f < 1.4 cpd); and 
(e) semidiurnal frequencies (1. 7 < f < 2.3 cpd). In this figure and in subsequent figures involving spectra, power spectral 
densities are multiplied by the FFT resolution, 𝐴𝐴 Δ𝑓𝑓 , so that the quantity shown has units of variance. The time series in panels 
(c–e) were computed by integration of spectra over the specified frequency ranges. The gray shaded region on each panel in 
this figure and on Figures 3, 4, and 13 mark the period in which three hurricanes may have affected Isla Natividad.
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3.2. The 2014–2015 Eastern Pacific Warm Blob and the Loss of Kelp Biomass

A key feature of our observations is the unusual warming above 20°C recorded in 2014, with summer to fall 
transition temperatures at the two sites reaching 25°C by the beginning of October (Figures 3 and 4). These data 
reflect the general prolonged warming event in the Eastern Pacific between late 2013 and early 2016, an event 
generally known as the “Warm Blob” (Cavole et al., 2016). During the late summer/early fall of 2014, there was 
a near complete die-off of the kelp forests through the region, including at Isla Natividad (Figure 5). Additionally, 
three hurricanes, Marie, Norbert, and Odile, passed near Isla Natividad in late August/early September 2014, 
likely enhancing the complete removal of kelp from our field sites. Of these, it appears that the first, Marie (22 
August–2 September 2014), may have been the most damaging to the Natividad kelp forests in that, as recorded by 
the satellite, a substantial part of the loss of kelp took place between 15 and 31 August. Significant wave heights 
at MP during Marie were in excess of 4 m and near-bottom RMS wave velocities reached 0.7 m/s on the morning 
of 26 August, a value that is much larger than typical RMS wave velocities of ca. 0.2 m/s at MP (Figure S1 in 
Supporting Information S1). Near-surface velocities calculated spectrally (Dean & Dalrymple, 1991) were  likely 

Figure 3. Kelp biomass and flows at Punta Prieta: (a) Satellite-derived kelp biomass estimate; (b) Depth linearly detrended 
for each deployment; (c) Depth-averaged longshore velocity (—) and ± root mean square near-bottom wave velocity (—); (d) 
Depth-averaged temperature. The gray shaded region on each panel in this figure and on Figure 4 marks the period in which 
three hurricanes may have affected Isla Natividad.
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in excess of 1 m/s. Assuming a quadratic drag law, these high velocities mean that the imposed instantaneous 
drag on kelp plants could have been a factor of 10 larger during the high-wave period associated with Marie 
than would typically be seen at MP, while the very large height of the waves would also imply enhanced vertical 
stretching of the kelp plants. Both of these effects are likely to have led to enhanced breaking of kelp stipes (Utter 
& Denny, 1996), and hence loss of kelp. Nonetheless, comparing Figure 5a (4 June) to Figure 5f (15 August), it 
is apparent that there was significant loss of kelp prior to Hurricane Marie, as well later to hurricanes Norbert 
(2–11 September) and Odile (10–19 September). In effect, it appears that the late-summer hurricanes may have 
delivered the “coup-de-grace” to the already damaged Natividad kelp forest.

3.3. Observations of Currents With and Without Kelp

The effect of variability in kelp biomass on flows at both sites can be seen in Figures 3c and 4c. Harmonic decom-
position of the depth-averaged alongshore currents at PP show that tidal dynamics drive 70%–80% of the velocity 

Figure 4. Kelp biomass and flows at Morro Prieto: (a) Satellite-derived kelp biomass estimate; (b) Depth linearly detrended 
for each deployment; (c) Depth-averaged longshore velocity (—) and ± root mean square near-bottom wave velocity (—); (d) 
Bottom temperature. Note that in (c), the scale has been limited to ±0.4 m/s, whereas the peak root mean square velocity on 
26 August 2014 was 0.7 m/s.
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variance (Table S1 in Supporting Information S1). Presumably, this is because these tidal currents are caused by 
draining and filling of Vizcaíno Bay by flows past the eastern side of Isla Natividad through the Dewey Channel 
(Figure 1). When kelp biomass is high (up to 1.2 kg/m 2—Figure 3a), these currents are dramatically weaker 
(Figure 3c) than they are when the kelp is absent. This effect is also reflected in the behavior of the two principal 
constituents, M2 and K1, estimated separately for each deployment: the M2 velocity amplitude varies by a factor 
of roughly 3 whereas the K1 velocity amplitude varies by more than a factor of 4, although there is little variation 
in the tidal elevation amplitudes for either constituent (Table S1 in Supporting Information S1; Figure 3b). The 
increase in velocity variability observed in September 2014 is likely associated with the complete loss of kelp by 
September 2014, and, as shown below, the fact that the effects of kelp reach their maximum strength for relatively 
low values of kelp biomass density. Thus, the difference in flow behavior between August and September shows 
that flows through sparse kelp forests are different than are flows in the absence of kelp.

One consequence of the weakening of tidal and wind-driven currents at both sites is that when mean currents are 
weak, wave-induced velocities become more important (Figures 3c and 4c). For example, at PP, in the absence 
of kelp (i.e., after September 2014), tidal velocities are comparable to or larger than wave-induced velocities, 
whereas, when kelp is present (i.e., July 2013 to September 2014), wave-induced velocities are dominant.

Figure 5. Variation of the satellite-derived kelp biomass distribution near Isla Natividad throughout the summer and early fall of 2014. The red dots mark the locations 
of the two moorings.
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Flows at MP behave in ways that are similar to what is seen at PP (Figure 4c), although flows at MP are much 
less tidally driven. Indeed, harmonic analysis of the MP data (Table S2 in Supporting Information S1) shows that 
while ∼90% of the free-surface variance is due to tides, only ∼30% of the velocity variance can be attributed 
to tides. Because of this, it is more challenging to quantify the effects of kelp biomass on flows at MP than PP, 
since at MP there is substantial variability associated with year-to-year differences in episodic wind events and 
upwelling strength that can mask the effects of kelp.  In contrast, at PP, because tidal forcing is dominant, in 
effect, comparisons can be made between flows having the same forcing but different densities of kelp biomass. 
Consequently, much of the rest of the paper focuses on flows at PP, although, in order to illustrate the consistent 
effects of kelp, we will also show below several examples of flow behavior at MP.

The vertical structure of the tidal currents at PP is one feature of the flow that does not appear to vary with kelp 
biomass (Figure 6). When normalized by their depth averages (Table S1 in Supporting Information S1), and with 
one inexplicable exception, profiles of the M2 and K1 velocity constituents are remarkably constant, and similar 
in structure to each other. Because the ADP data do not extend through the upper 3 m of the water column, the 
velocity reduction due to the surface canopy measured in the laboratory by Rosman et al. (2010, 2013) may be 
only marginally apparent in the harmonic velocity profiles. Overall, the lack of a significant influence of kelp 
biomass on the vertical flow may reflect the position of the ADP in sand patches between nearby kelp stands. 
However, the distance between the kelp stands and the ADP would not seem to be sufficiently long for much 
modification of the velocity profile by turbulent mixing to have taken place.

In contrast, the vertical structure of the wind-driven flow at MP is different when kelp is present than when it is 
absent. As seen in Figure 7, a plot of the average current speed normalized by the near-bottom average speed, the 
flows are far more strongly sheared near the surface when the kelp canopy is absent then when the kelp canopy is 
present. Although analysis of this difference is beyond the scope of the present paper, it seems possible that this 
is a result of the high drag exerted by the surface canopy on the near-surface flow (Rosman et al., 2010).

Figure 6. (a) M2 and (b) K1 amplitudes of longshore velocity at Punta Prieta as functions of height. Profiles for each period 
are scaled by their depth-averaged values. The legend in (a) shows which line corresponds to which deployment. Velocities 
used for scaling M2 amplitudes were: 0.14, 0.079, 0.060, 0.045, and 0.15 m/s. Velocities used for scaling K1 amplitudes 
were: 0.075, 0.022, 0.018, 0.013, 0.042, and 0.046 m/s.
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The effect of kelp on flow strength is best shown by the relationship between the depth-averaged alongshore 
velocity and kelp biomass, shown in Figure 8 as averages (denoted with angle brackets) of the absolute value of 
the velocity binned for different ranges of kelp biomass, normalized by the same average observed in the absence 
of kelp biomass:

�� (���) =
⟨|� (���)|⟩
⟨|� (��1)|⟩

��� ≡ �� ∈ [(� − 1)Δ��, �Δ��] for � = 1, 2, ... (6)

Here, Δ�� is the width of the kelp biomass bins (0.1 kg/m 2), and the first bin, which has biomass KB1, is defined 
as the no-kelp state. Figure 8 includes all the velocity data, with appropriate values of the satellite kelp biomass 
time series derived by linearly interpolating the kelp data onto the same time base as the velocity data. In terms 
of these ratios of averaged velocity, the effect of kelp seems to reach a maximum strength when kelp biomass is 
approximately 0.5 kg/m 2, with little effect beyond this value. The observed variation in Vr is due to the way drag 
is determined by the geometry of the kelp forest (Rosman et al., 2010, 2013), that is, the spatial density of kelp 
sporophytes (stipes, fronds, and canopy), a quantity that is proportional to kelp biomass density. An increase in 
kelp biomass means more drag elements per area and hence, for a given pressure gradient, reduced velocities. As 
seen in Figure 8, the currents at MP are reduced by a factor of 4 at high kelp biomass densities whereas at PP, the 
relative reduction is somewhat less, that is, by a factor of 2. It does not appear that this can be explained by the 
fact that peak biomass densities at MP are roughly 3 times those of PP, since the reduction in current strength at 
MP reaches a maximum at approximately the same kelp biomass density as is seen for the currents at PP.

A more nuanced view of how kelp affects flow can be had by comparing frequency spectra with and without 
kelp. To do this, consider spectra of longshore (v) and cross-shore (u) velocities for PP1 (no kelp) and PP4 (rela-
tively high kelp). We have chosen these two deployments for comparison because they both span approximately 

Figure 7. Vertical profiles of mean current speed at Morro Prieto. Each profile has been scaled by the mean velocity 
measured in the bin that was closest to the bottom (0.054, 0.046, 0.061, 0.046, 0.053, 0.052 m/s). Average wind stress shear 
velocity values for each deployment are also shown in the legend.
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the same time of year. In both cases, alongshore velocity variances increase monotonically with height above 
bottom (Figures 9a and 9c), reflecting the structure of the primary tidal currents seen in Figure 7. The cross-shore 
flow in both cases is different: these flows are strongest near the surface and near the bottom. This suggests that 
the cross-shore flow is dominated by a vertically sheared exchange flow (see also Traiger et al. [2022]), one that 
varies at both diurnal and semi-diurnal frequencies.

One way to examine the frequency-dependent effect of kelp as a function of depth and frequency is to integrate 
the PSDs with respect to frequency separately for diurnal (0.7–1.4 cpd) and semidiurnal (1.7–2.3 cpd) frequency 
bands (Figure 10). This allows the frequency-dependent attenuation to be considered with more precision in that 
integration in frequency space removes some of the intrinsic variability associated with power spectral densities 
(PSD) estimation (Emery & Thomson, 2004). Remarkably, doing so shows that at diurnal frequencies, along-
shore motions are ca. 5 (𝐴𝐴

√

20 ) times weaker when kelp is present than when kelp is absent, although the vertical 
structure of the flows is almost unchanged. Note that this attenuation is stronger than the factor of 2.7 that is 
inferred by considering the entire range of frequencies. Cross-shore flows are not as strongly affected by kelp: 
there is a factor of 1.4 difference between the two cases. For the semidiurnal frequency band, alongshore flows 
are reduced by a factor 2.6 and, as with the diurnal band, cross-shore flows are 1.4 times weaker.

The frequency-dependence of flow attenuation due to kelp can also be examined by first averaging 
the depth-dependent PSD given in Figure  9 over depth (Figures  11a and  11b) and then computing the 
frequency-dependent PSD ratios (Figures 11c and 11d). These PSD ratios show clearly that: (a) low frequencies 
are more strongly attenuated than high frequencies and (b) attenuation of cross-shore flows by kelp drag is weaker 
than is attenuation of alongshore flows.

Figure 12 shows the same quantities plotted in Figure 11 for the same time periods, but for the MP rather than 
PP data. Strikingly, the frequency dependence of the current attenuation seen in Figure 11 is the same as what 
is seen at MP, showing that the difference in current attenuation seen in Figure 8 are due to differences in the 

Figure 8. Ratios of mean absolute value of depth-averaged longshore velocity in the presence of kelp to its value in the 
absence of kelp, Vr. Data have been binned by kelp biomass so as to remove spring-neap and other longer period variability. 
Curve fits to data shown are for illustrative purposes only.
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frequency dependence of the variance, with strongly attenuated subtidal frequencies being much more important 
at MP than at PP. Moreover, in light of Equations 2 and 3, the fact that frequency-dependent flow attenuation 
by kelp drag is the same at both sites, and that cross-shore flows are less attenuated than are longshore flows, 
supports the hypothesis that waves play relatively little role in creating drag on kelp since wave forcing at MP is 
generally larger than at PP (Figure S2 in Supporting Information S1). Indeed, this view is supported by Figure 3c, 
where little change in tidal currents at PP can be seen despite large changes in wave velocity. As suggested previ-
ously (Gaylord et al., 2008; Rosman et al., 2013; Utter & Denny, 1996), this may be due to the fact that the kelp 
sporophytes move with the waves, thus reducing the relative velocity between kelp and fluid that is responsible 
for drag creation.

4. Discussion
The influence of kelp presence or absence on flow speeds has been previously described (Gaylord et al., 2007; 
Jackson & Winant, 1983; Rosman et al., 2007). What is different in the present case is that we observed a direct 
effect on flow of kelp biomass, and were able to identify, for the first time, a biomass threshold beyond which 
additional biomass does not affect the flow. This was possible because the “natural” experiment of full deforesta-
tion caused by the combination of a prolonged warming event and storms allows for a comparison of flows before 
and after the loss of kelp. In all the other studies, the effect of kelp is estimated by comparing nearby locations 
inside and outside nearshore kelp forests. However, there are several factors that complicate this comparison: (a) 

Figure 9. Power spectral densities as functions of frequency and depth at Punta Prieta for: (a) Longshore velocity during PP1 
(KB = 3.8 g/m 2); (b) Cross-shore velocity during PP1; (c) Longshore velocity during PP4 (KB = 280 g/m 2); (d) Cross-shore 
velocity during PP4.
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Because the kelp forest partially blocks the flow locally, flows immediately outside are accelerated relative to 
further offshore, thus making the kelp effect appear stronger than it might be in reality depending on where the 
no kelp site is located (Gaylord et al., 2007); (b) In the presence of shoreline curvature, velocities can vary with 
cross-shore distance (Russell & Vennell, 2017); (c) Since depths inside the kelp forest and offshore will generally 
be different, the effects of waves on bottom stresses will be different. Thus, the present case is unique in that what 
we have observed are changes in flow due entirely to the presence or absence of kelp, controlling for all other 
factors.

The reductions in velocity due to kelp that we report here may be ecologically significant in several ways. First, 
flows determine the residence time, Tr, of anything, for example, particles or dissolved constituents like dissolved 
inorganic carbon (DIC), in the forest, since for flows at speed V through a kelp forest of length L, Tr ∼ L/V. 
Assuming that the flux of the material of interest into or out of the flowing water, F, is independent of flow, then 
the change in concentration as water transits the kelp forest, ΔC ∼ F Tr ∼ F L/V. Thus, for example, changes in 
DIC due to respiration and primary production (e.g., Frieder et al., 2012), will be inversely proportional to veloc-
ity and thus will be smaller in sparse kelp forests than in dense ones.

To allow for variations in time of V, Tr was computed using integration in time of the measured velocities as 
described above. Median values of Tr for alongshore and cross-shore flows near the surface (z = 11.7 mab) and 

Figure 10. Vertical structure of the velocity variance in diurnal (0.7 < f < 1.4 cpd) and semi-diurnal frequency bands 
(1.7 < f < 2.3 cpd): (a) diurnal/longshore; (b) diurnal/cross-shore; (c) semidiurnal/longshore; and (d) semidiurnal/cross-shore. 
The gray shaded areas in Figures 11a–11d mark the two frequency bands plotted here.
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near the bottom (z = 0.7 mab), and for 5 of the 6 deployments, are given in Table 2. As would be expected given 
the vertical structure of the alongshore flow, residence times based on alongshore flows are shorter near the 
surface than near the bottom, and it is at the bottom where the effects of kelp on nominal retention are greatest. 
Despite the variability in Tr seen in the absence of kelp, it is clear that residence time based on alongshore flows 
increases substantially with increasing biomass, with near bottom values of Tr being as much as 10 times larger at 
a kelp biomass of ca. 300 g/m 2. However, residence times computed for cross-shore flows are somewhat shorter 
than for alongshore flows, that is, ca. 1 hr (median value) versus ca. 5 hr, implying that the principal means of 
exchange involve cross-shore flows. Surprisingly, these are not very different for the high and low kelp biomass 
cases, suggesting that residence time is little affected by the presence or absence of kelp.

While kelp biomass was highest during the third deployment, it is not included in Table 2 because computed 
residence times were close to those computed for times with no kelp. This may indicate that velocities measured 
by the ADP, located on the outer edge of the PP kelp forest, when the kelp forest had its highest biomass were 
not representative of velocities inside the kelp forest when the kelp forest had its highest biomass. Instead, the 
ADP measured flows reflecting the diversion of the oncoming flow around the kelp, as seen by Valle-Levinson 
et al. (2022). This would be consistent with the velocity measurements of Traiger et al. (2022), who observed 
near-zero alongshore velocities inside a kelp forest in Monterey Bay. Thus, in the case of high kelp biomass, Tr 
based on alongshore flows may become effectively infinite.

Figure 11. Depth-averaged power spectral densities as functions of frequency (f) at Punta Prieta for: (a) longshore velocities; 
and (b) cross-shore velocities. Ratios of power spectral densities for PP4 to those of PP1 for: (c) longshore velocities; and (d) 
cross-shore velocities. The legends in (a and c) also apply to (b and d). Confidence intervals for the spectra in (a and b) are 
shown in (a). The red lines in (c and d) show exponential fits to the power spectral density ratios. The gray bands in all panels 
show the approximate frequency ranges for diurnal and semidiurnal motions.
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Changes in velocities also imply changes in horizontal transport, represented here by tidal excursions, 𝐴𝐴 𝐴𝐴 (Equa-
tion 5), and thus of dispersal and recruitment of larvae, which in turn determine population connectivity, and 
therefore resilience to overexploitation and the optimal design of marine reserve networks (Cowen et al., 2007; 
Gaylord et al., 2012; Rossetto et al., 2015). Like velocities, ζ can also be cast in terms of its time-varying RMS 
value, ζrms (cf., Equation 4) which is close to being linearly proportional to Vrms. Thus, the observed factor of ∼3 
variation in Vrms (Figure 13b) due to kelp biomass variations translates into a factor of 3 variation in tidal excur-
sion (Figure 13c). Thus, planktotrophic and lecitotrophic larvae would be transported farther alongshore, during 

their planktonic stages from where they are spawned in the absence of kelp 
than when kelp is present. Consequently, kelp presence may act to increase 
self-recruitment thus increasing larval spillover from marine reserves to local 
fishing grounds (e.g., Cudney-Bueno et al., 2009; Micheli et al., 2012) and 
the potential resilience of the abalone population following severe deple-
tion (Smith et al., 2022). In contrast, the potential for long distance disper-
sal events increases dramatically when kelp is absent, providing a plausible 
mechanism for high regional connectivity and reducing the overall genetic 
structure of populations with limited larval durations and dispersal ability 
(Munguia-Vega et al., 2015).

Second, the state of the kelp forest should also affect subtidal transport, 
although the exact extent is hard to determine because transport for scales 

Figure 12. Depth-averaged power spectral densities as functions of frequency (f) at Morro Prieto. The plots shown here are 
otherwise the same as the ones in Figure 10. Note that the red lines in (c and d) show the same exponential fits to the power 
spectral density ratios shown in Figure 10.

Period
KB 

(kg/m 2)

Tr (hr) 
alongshore 
near surface

Tr (hr) 
alongshore 
near bottom

Tr (hr) 
cross-shore 
near surface

Tr (hr) 
cross-shore 
near bottom

PP5 0 3.2 7.8 1.5 1.3

PP6 0 2.5 5 1.5 1.5

PP1 0.004 3.5 4.7 1.1 1.2

PP2 0.24 5.5 15 1.2 1.2

PP4 0.28 7.7 40 1.3 1.2

Table 2 
Calculated Median Residence Times at Punta Prieta
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larger than the tidal excursion is likely controlled by the spatial variation in velocities, that is, progressive vector 
diagrams computed with velocities measured at single points are not likely to be reflective of transport at scales 
comparable to or larger than the length of the island. Indeed, even 𝐴𝐴 𝐴𝐴 and Tr as well (calculated as above) are only 
approximate. To properly represent water particle motions, the velocity used at each time step should be that 
appropriate to the particle's location at any time. Observationally, this would mean that either one deploys many 
instruments (as did Gaylord et al., 2007), or one should track Lagrangian particle displacements with neutrally 
buoyant drifters (e.g., Garwood et al., 2021). Nonetheless, we argue that our estimates of 𝐴𝐴 𝐴𝐴 and Tr based on data 
from a single ADP are sufficient to show the effects of the presence or absence of kelp.

This longer term transport behavior, no doubt affected by kelp forest state in ways that are similar to what we 
observe at tidal time scales, is likely important for management of the invertebrate fisheries because several of 
the targeted species, including abalone, sea cucumber, turban snail, and sea urchin, have short larval durations 
(3 days–4 weeks). For abalone, in particular, laboratory evaluation showed that larval development to settlement 
can take 3–10 days depending on temperature conditions (Leighton, 1974). Thus, the potential “seeding” effect 
of marine reserves, where populations protected in reserves replenish fished population through larval spillover, 

Figure 13. Variations at Punta Prieta in (a) tidal height Hrms; (b) root mean square (RMS) velocity for tides (–) and waves 
(–); and (c) RMS tidal displacement. The effects of the relatively high kelp biomass that existed between June 2013 and 
September 2014 can be clearly seen in (b and c) as reductions in velocities and thus displacements, although the tidal forcing 
(panel a) is the same for the other periods as it is for June 2013 to September 2014.
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for abalone and other harvested invertebrates, will be spatially dependent on the horizontal transport, and hence 
on the density of kelp biomass.

5. Conclusions
Our 2-1/2 year data set of nearshore flows through kelp forests on the shores of Isla Natividad allows us to unam-
biguously estimate the effect of kelp biomass on current strength. What is apparent from this comparison is that 
the effects of kelp are frequency dependent, as would be expected from the canopy flow literature and simple 
scaling (Lowe et al., 2005), with high-frequency motions damped less than low-frequency motions.

It is difficult to use the observations of current strength variations we present to construct predictive models of 
kelp drag that could be used in coastal circulation models. Indeed, we have avoided here the issue of using the 
data shown here to infer drag coefficients appropriate to depth-averaged flows (e.g., Lentz et al., 2017; Monismith 
et al., 2019). Monismith et al. (2022), develop and apply a simple theory for estimating drag from observations 
like those shown here. Unfortunately, this approach is largely empirical; that is, it does not provide a prediction 
of the relationship between flow and drag. This reflects two challenges: (a) the physics of drag on the kelp in the 
presence of waves and mean currents is remarkably complex (Gaylord et al., 2008, 2012; Rosman et al., 2013); 
(b) measuring kelp geometry, for example, number of stipes per holdfast or extent of the surface canopy, that is, 
the geometrical information needed to construct predictive models, is quite difficult. While satellite imagery has 
proven useful for monitoring large-scale changes in kelp forest condition (Bell et al., 2020), and aerial drones 
appear to offer a promising approach for detailed imaging of kelp forests (Cavanaugh et al., 2021), it is clear that 
more work is required to connect remote sensing products to the in-water surveys needed to accurately describe 
the details of kelp sporophyte geometry.

Finally, it is well known that large-scale interannual-to-interdecadal events can have large negative impacts on 
upwelling ecosystems and kelp forests, causing significant population redistribution and size reduction (Bell 
et al., 2020; Edwards, 2004; Hernandez-Carmona et al., 2000). The variation in kelp forest biomass around Isla 
Natividad observed throughout the study period is a particularly dramatic example of the changes in ecosystem 
structure that basin-scale oceanographic processes can induce. As we observed, physical changes in the kelp 
forests of Isla Natividad, with the significant warming of the Eastern Pacific in 2014–2015 altered flows in 
the nearshore regions important to abalone and other fisheries. These variations in flow with kelp biomass are 
important to managing and conserving kelp forest ecosystems and fisheries in the residence time of important 
biogeochemical conditions of the system, and connectivity, important to spatial dynamics of many kelp forest 
species, both are strongly affected by the physical state of the kelp forest. Thus, understanding the effects of the 
variation in kelp density on flow can inform the design and management of marine reserve networks, as well as 
the siting of artificial reefs, juvenile outplants, and other measures to protect and enhance fished populations. We 
can speculate that in a warming ocean, events like the 2014–2015 “deforestation” may become more common. 
Accordingly, ecosystem and/or population models and management strategies must recognize the important role 
played by biologically caused changes in hydrodynamics in shaping kelp forest ecosystems.
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