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Kelp beds provide significant ecosystem services and socioeconomic benefits
globally, and prominently in coastal zones of the California Current. Their
distributions and abundance, however, vary greatly over space and time. Here,
we describe long-term patterns of Giant Kelp (Macrocystis pyrifera) sea surface
canopy area off the coast of San Diego County from 1983 through 2019 along
with recent patterns of water column nitrate (NOz") exposure inferred from in
situ temperature data in 2014 and 2015 at sites spanning 30 km of the coastline
near San Diego California, USA. Site-specific patterns of kelp persistence and
resilience were associated with ocean and climate dynamics, with total sea
surface kelp canopy area varying approximately 33-fold over the almost 4
decades (min 0.34 km? in 1984; max 11.25 km? in 2008, median 4.79 km?).
Site-normalized canopy areas showed that recent kelp persistence since 2014
was greater at Point Loma and La Jolla, the largest kelp beds off California, than at
the much smaller kelp bed off Cardiff. NO3™ exposure was estimated from an 11-
month time series of in situ water column temperature collected in 2014 and
2015 at 4 kelp beds, using a relationship between temperature and NO3z~
concentration previously established for the region. The vertical position of the
14.5°C isotherm, an indicator of the main thermocline and nutricline, varied
across the entire water column at semidiurnal to seasonal frequencies. We use a
novel means of quantifying estimated water column NOz™ exposure integrated
through time (mol-days m™) adapted from degree days approaches commonly
used to characterize thermal exposures. Water column integrated NO3z~
exposure binned by quarters of the time series showed strong seasonal
differences with highest exposure in Mar - May 2015, lowest exposure in Sep -
Dec 2014, with consistently highest exposure off Point Loma. The water column
integrated NO3~ signal was filtered to provide estimates of the contribution to
total nitrate exposure from high frequency variability (f >= 1 cycle 30 hr™)
associated predominantly with internal waves, and low frequency variability
driven predominantly by seasonal upwelling. While seasonal upwelling
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accounted for > 90% of NOz~ exposure across the full year, during warm periods
when seasonal upwelling was reduced or absent and NO3z~ exposure was low
overall, the proportion due to internal waves increased markedly to 84 to 100% of
the site-specific total exposure. The high frequency variability associated with
internal waves may supply critical nutrient availability during anomalously warm
periods. Overall, these analyses support a hypothesis that differences in NO3z~
exposure among sites due to seasonal upwelling and higher frequency internal
wave forcing contribute to spatial patterns in Giant Kelp persistence in southern
California. The study period includes anomalously warm surface conditions and
the marine heatwave associated with the “Pacific Warm Blob” superimposed on
the seasonal thermal signal and corresponding to the onset of a multi-year
decline in kelp canopy area and marked differences in kelp persistence among
sites. Our analysis suggests that, particularly during periods of warm surface
conditions, variation in NOs~ exposure associated with processes occurring at
higher frequencies, including internal waves can be a significant source of NOz~
exposure to kelp beds in this region. The patterns described here also offer a view
of the potential roles of seasonal and higher frequency nutrient dynamics for
Giant Kelp persistence in southern California under continuing ocean surface
warming and increasing frequency and intensity of marine heatwaves.

KEYWORDS

kelp forests, temperature, nutrient dynamics, internal waves, kelp forest ecosystem,
Macrocystis pyrifera

1 Introduction

The size and abundance of Giant Kelp (Macrocystis pyrifera)
beds are highly dynamic (e.g. Dayton, 1985; Steneck et al., 2002).
Kelps are foundation species (sensu Dayton, 1972) providing high
biodiversity habitats in the coastal zone. Kelp forest ecosystems offer
valuable contributions to coastal communities including the
harvesting of kelp biomass, invertebrates, and fish, as well as non-
consumptive activities including recreation and tourism (Wheeler
and North, 1980; Dayton, 1985). Because of the ecological and
socioeconomic importance of kelp beds, understanding the factors
driving the spatiotemporal variation in their distribution and
abundance can directly benefit coastal management.

Kelp beds are distributed heterogeneously in space, and exhibit
highly variable abundance through time, influenced by both
physical and biological factors promoting growth interacting with
disturbances that remove biomass and rapidly reset succession
(Dayton, 1985). The ability of kelps, especially the Giant Kelp
(Macrocystis pyrifera) which has a broad distribution in the
northern and southern hemispheres, and the Bull Kelp
(Nereocystis luetkeana) which ranges from the Aleutian Islands to
central California, to dominate subtidal habitats and support
complex associated species assemblages is dependent on the
availability of rocky substrata at suitable depths (generally depths
< 25 to 30 m), the quantity and spectral quality of light penetrating
the water column (Gerard, 1984; Reed and Foster, 1984), complex
species interactions between kelp grazers, particularly urchins, and
their predators and pathogens (Steneck et al., 2002; Estes et al.,
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2004; Feehan and Scheibling, 2014); and the supply of critical
nutrients (Jackson, 1977; Gerard 1982a; Jackson, 1983;
Zimmerman and Kremer, 1984; Foster and Schiel, 1985; Kinlan
et al., 2003). However, despite the complex factors and feedbacks
driving the variability in kelp bed distributions and abundance,
some locations consistently show long-term ecosystem persistence
through multiple disturbances, and thus likely represent hot spots
of successful kelp recruitment and growth linked to habitat quality
(Parnell et al., 2006; Parnell et al., 2010; Young et al., 2016;
Cavanaugh et al,, 2019; Bell et al., 2020). For example, some kelp
beds contain core areas where rapid post-disturbance recovery
consistently occurs due to a combination of seascape structure
(Parnell, 2015), depth distributions, competition between surface
canopy and understory guilds, and post disturbance nutrient
climates (e.g., see Figure 1 in Parnell et al, 2006). Recognizing
and protecting core areas of long-term persistence and
understanding environmental and habitat drivers of kelp
resilience through time can contribute to improved management,
conservation, and restoration, as these ecosystems confront
increasingly complex challenges of a rapidly changing ocean
climate including a deepening thermocline depth in southern
California and the increasing frequency of anomalous warm
temperatures and marine heatwaves (e.g. Arafeh-Dalmau et al,
2019; Cavanaugh et al., 2019; McPherson et al., 2021).

The exceptional productivity of kelps, especially M. pyrifera in
California, depends in large part, on availability of dissolved
inorganic nutrients which limit primary productivity in coastal
environments (Dayton et al., 1992; Dayton et al., 1999). Nitrogen

frontiersin.org


https://doi.org/10.3389/fmars.2023.1007789
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Leichter et al.

uptake in macroalgae, including kelps, is related to water column
concentrations (Harrison and Hurd, 2001), photosynthetic energy,
temperature-dependent kinetics, and water motion impacting
boundary layer concentrations and dynamics (Hepburn et al,
2007; Gerard 1982b). Biological characteristics such as tissue
morphology, type, ontogeny, and nutritional history also impact
incorporation of nitrogenous nutrients (Rosenberg and Ramus,
1984; Duke et al., 1989; Lobban and Harrison, 1994; Pedersen,
1994; Pedersen and Borum, 1996; Neori et al., 2004). Importantly,
kelps have the ability to translocate nitrogen sources, including
amino acids, from blades in deeper water to the surface canopy, and
therefore can take advantage of varying nutrient concentrations and
availability throughout the water column (Schmitz and Srivastava,
1979; Manley, 1983; Konotchick et al., 2012).

For coastal waters of the California Current, there is a well-
established relationship between temperature and forms of
biologically available nitrogen, with NO;™ concentrations inversely
related to temperature below approximately 14°C to 15.5°C
(Zentara and Kamykowski, 1977; Zimmerman and Kremer, 1986;
Dayton et al., 1999), principally because remineralized organic
nitrogen mainly in the form of NOj; occurs at elevated
concentrations in deeper colder waters, typically below the
thermocline (Strickland, 1970; Jackson, 1977; Zentara and
Kamykowski, 1977; Eppley et al., 1979; Zimmerman and Kremer,
1986; Ladah, 2003; Parnell et al., 2010). Above the threshold
temperatures, NO3;  becomes low to undetectable (i.e.
concentrations < 0.1 pmol LY. Ammonium and urea associated
primarily with runoff and biological nitrogen recycling in surface
waters (Bray et al., 1986; Smith et al., 2018), and potentially with
recycling by epibiont communities (Hurd et al., 1994), may also be
relevant and intermittent sources of nitrogen in coastal waters.

A range of oceanographic mechanisms can deliver nitrogenous
nutrients to kelp beds (McPhee-Shaw et al, 2007) with strong
spatial and temporal variation, including zonal variability in
upwelling-favorable winds (Checkley and Barth, 2009), jets
associated with coastal headlands (Mooers and Robinson, 1984),
proximity to deep-water canyons (Ryan et al., 2005; Walter and
Phelan, 2016), and variable exposure in both frequency and
intensity to internal wave forcing (Filonov et al, 2014). In
southern California kelp beds, ambient nutrient concentrations
can vary dramatically on time scales of hours to days, associated
with variation in upwelling strength which determines the depth of
the thermocline and nutricline, as well as with periods of elevated
internal wave activity that deliver pulses of cool, sub-thermocline
water to inshore habitats (Jackson, 1977; Jackson and Winant, 1983;
Zimmerman and Kremer, 1984; Konotchick et al., 2012). However,
the causes and consequences of nutrient variability among kelp
forest sites, especially within the same upwelling region, remain
largely unexplored, and we have limited understanding of the ways
in which local nutrient climates contribute to kelp forest persistence
and resilience.

The primary sources of inorganic nitrogen along the coast of
California include sub-thermocline NOj™ transported by wind-
driven upwelling as well as higher-frequency pulses associated
with internal waves (Jackson, 1977; Zimmerman and Kremer,
1984; McPhee-Shaw et al., 2007; Fram et al., 2008). Upwelling in
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the Southern California Bight occurs on large scales extending to ~
200 km off the coast, and on more local scales that are quasi-
synchronous, for example in San Diego occurring approximately
twice per month in summer lasting approximately 6 to 24 days
(Dorman and Palmer, 1981). Additionally, there is long-recognized,
extensive internal wave activity in the Southern California Bight
(e.g., Ewing, 1950; Jackson, 1977; Jackson and Winant, 1983;
Zimmerman and Kremer, 1984; Pineda, 1991; Lucas et al., 2011)
with spatial variability in internal wave forcing at relatively smaller
scales (Filonov et al., 2014). Internal waves are vertical oscillations
generated along density gradients forced by wind or tidal currents
as they flow across abrupt landscape features with critical slope
contours, such as at the continental shelf break, offshore banks, or
sea mounts (Holloway, 1987; Lamb, 1997). The complex
bathymetry in the Southern California Bight, combined with
persistent vertical water column density stratification during most
of the year, and strong barotropic tidal forcing create significant
potential for conversion of barotropic to baroclinic energy and
resulting shoreward propagating internal waves. For the study
region near San Diego, numerical modelling indicates that the
large 9 Mile Bank is a zone of high barotropic to baroclinic
energy conversion and source of internal wave formation (Ponte
and Cornuelle, 2013).

Once formed, depending on slope angle, internal wave energy
can propagate shoreward along the wave guide of the greatest
density difference, which in arid temperate upwelling regions with
little salinity change over depth occurs at the thermocline and
associated nutricline. Nonlinear shoaling and breaking of internal
waves result in turbulent energy dissipation in shallow waters
leading to mixing and cross-shelf transport of sub-thermocline
water (Sandstrom and Elliott, 1984; Helfrich and Melville, 2006;
Sharples et al., 2007). This process has been estimated to account for
up to 25% of annual nitrate contribution on the Mauritanian shelf
(Schafstall et al., 2010) and up to 15% in the Santa Barbara channel
(McPhee-Shaw et al., 2007). Because tidal forcing is likely to be both
semidiurnal and diurnal in nature due to the M2 or O1 tide, and
because wind forcing is usually diurnal due to daily warming and
cooling affecting the sea breeze and wind forcing patterns, their
frequencies and consequences can be distinguished in time series of
both temperature and related NO5'. Internal waves are biologically
relevant in a range of ecosystems, including the coastal shelf of the
Southern California Bight. Evidence exists that seaweeds can
incorporate nutrients from semidiurnal internal waves (Ladah
et al., 2012) and that kelps can take up and store nutrients on
time scales of days to months (Wheeler and North, 1980; Gerard,
1982a). Prior inshore oceanographic and ecological work has shown
strong physical gradients in temperature and modeled NOj5
exposure between two sites at North and South La Jolla
(Konotchick et al., 2012) as well as large variation in kelp
persistence throughout southern California’s kelp forest “Region
9” (Parnell et al., 2010).

Here we first examine patterns of kelp canopy abundance
through time for the distinct kelp beds in San Diego using the
annual maximum canopy area measured from aerial surveys
conducted since 1983 (MBC Aquatic Sciences, 2020). There are
large differences in the total size among these kelp beds, primarily
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determined by differences in availability of benthic rocky substrata
at suitable depths (i.e. ~5 to 25 m). However, there also are
differences in the trajectory of relative canopy cover normalized
by maximum cover, suggesting that additional factors that vary
alongshore contribute to kelp persistence through time. We
hypothesize that differences in high frequency shoaling of the
nutricline associated with the impact of internal waves contribute
to the variation in persistence among sites and analyze a recent
dataset of water column temperature observations at the seaward
edge of 4 kelp beds in the San Diego region.

2 Methods
2.1 Long-term kelp canopy survey data

Data on the annual maximum kelp canopy cover from 1983
through 2019 were obtained from a published dataset for the
southern California study region (MBC Aquatic Sciences, 2020).
The data were collected via quarterly infrared aerial imaging
surveys covering 24 distinct kelp beds conducted for the Region
Nine Kelp Survey Consortium. The data are reported as the annual
maximum cover across the quarterly surveys, with annual data
available starting in 1983, along with categorization of yearly
thermal data from the Multivariate ENSO Index (MBC Aquatic
Sciences, 2020). We analyzed the data for 3 sites at Cardift, La Jolla,
and Point Loma (CAR, LJ, PTL) corresponding to locations of our
instrument mooring deployments. Although our mooring
deployments (see below) included sites at the north and south of
the La Jolla kelp bed, the kelp canopy data are reported as one
contiguous kelp bed at La Jolla. The dataset was used to construct
and plot an annual time series of kelp bed area (km?) for each site.
Because the kelp beds differ greatly in area, with PTL > L] >> CAR,
we also calculated the annual proportional kelp cover for each site
normalized by the maximum area observed at each site across the
37-yr time series. The time series of site-normalized cover were used
to estimate kelp bed persistence starting in 2014 corresponding to
the mooring deployments and for the subsequent 5 years through
2019. Following Cavanaugh et al. (2019), kelp canopy persistence
for each site was calculated as the proportional cover in each year
relative to a baseline of the site-specific mean kelp cover over the
preceding 5 years.

2.2 In situ temperature observations

Vertical moorings with affixed recording temperature sensors
were deployed on the 36 m isobath approximately 100 to 200 m
seaward of established kelp beds at each of 4 sites along the coast of
San Diego, CA (Figure 1) . The moorings were deployed from the
ship R/V New Horizon with ~250 kg anchors, and instruments were
subsequently retrieved and re-deployed by scuba divers using
standard air and non-decompression diving. The moorings were
deployed off the kelp beds at Cardiff (CAR, 33.01503°N, 117.30386°
E), North La Jolla (NLJ, 32.85772°N, 117.29111°E), South La Jolla
(SLJ, 32.80270,°N, 117.30107°E), and Point Loma (PTL, 32.69866°
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FIGURE 1

Study region along the coast of San Diego, CA, showing locations
(blue circles) of recording temperature moorings deployed seaward
of kelp beds off Cardiff (CAR), North La Jolla (NLJ), South La Jolla
(SLJ), and Point Loma (PTL). Green tinted areas inshore of the study
site markers indicate the maximum cover of kelp canopies recorded
in aerial surveys 1983 through 2019 (MBC Aquatic Sciences, 2020).

N, 117.27696°E). To prevent boat strikes, subsurface floats at the
tops of the moorings were located approximately 4 m below the sea
surface relative to mean low tide. Each mooring was initially
instrumented with 5 Seabird Electronics SBE 39 temperature
sensors (0.01°C resolution, ~ 10 sec response time) placed at
heights of 1, 6, 12, 18, 24 m above the sea floor with an
additional Seabird Electronics SBE 39+ temperature/pressure
sensor 29 m above the seafloor. The pressure records near the top
of the mooring lines were used to assess potential knock-down of
the moorings by currents. Depth deviations were less than 2 m at
almost all times except in one case at North La Jolla when the
mooring had been entangled with lobster trapping gear and the top
of the mooring pulled down to a depth of ~8 m for multiple days.
After the initial deployment, redeployed instruments included
Seabird Electronics SBE 56 temperature sensors (0.01°C
resolution, ~10 sec response time) and RBR 1050 temperature
sensors (0.01°C resolution, ~30 sec response time). All
instruments were factory-calibrated and sampled at 1 min
intervals, with deployment durations typically 4 to 6 months.
Moorings were deployed on 17 June 2014 with all instruments
synchronized to begin sampling at midnight 18 June 2014 (GMT
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-8). Here we analyze ~11 mo (336 d) of the continuous temperature
records from June 2014 through May 2015.

2.3 Temperature and NOz™ analysis

The raw temperature data were quality controlled, with records
from successive deployments at each location trimmed to remove
times when instruments were out of the water, and data then spliced
together to form continuous time series for each position above the
seafloor on each mooring. The data from the individual sensors at
6 m vertical intervals were linearly interpolated to 1 m to create
estimated vertical profiles of the water column temperatures for the
bottom 24 m at each site. The data from the temperature/pressure
sensors 29 m above the bottom (just below the mooring floats) were
excluded from this analysis because those records started later at
Cardiff and South La Jolla than at North La Jolla and Point Loma.
The temperature data were then averaged to 10 min intervals and
the height above bottom of the 14.5°C isotherm representing the
main thermocline was calculated.

The temperature time series were used to produce records of
estimated NO;™ concentrations using a linear regression equation
(NO;™ = -5.8 x Temperature + 81.7, % =0.90, per Konotchick et al.,
2012). Use of a linear relationship between NO;™ and temperature
below ~14.5°C for southern California nearshore waters has a
strong empirical basis (Kamykowski and Zentara, 1986;
Zimmerman and Kremer, 1986; Dayton et al., 1999; Lucas et al.,
2011; Konotchick et al., 2012), although some periods with greater
than expected NO;5™ at warmer temperatures have been documented
in the southern part of the range (Ladah, 2003). The linear
relationship reported in Konotchick et al. (2012) and applied here
was derived from n = 1904 hydrographic bottle samples collected in
the California Cooperative Oceanic Fisheries Investigations from
1959 to 2010 for a station offshore of La Jolla, CA at (32°54’ N, 117°
23" W). Following Konotchick et al. (2012), we apply the linear
relationship to all temperatures less than the y-intercept value
14.2°C, and a constant value of 0.1 umol L' NO; for all
temperatures greater than 14.2°C. This assumes that the linear
relationship between temperature and nitrate measured offshore is
consistent inshore, which has been confirmed by Parnell et al.
(2010) for a station at 5 m depth off the Scripps Pier, although there
is potential for changes associated with diapycnal mixing that could
cause transient deviations from this linear relationship. The
estimated concentration of NO53™ for each 1 m bin of the water
column was converted from units of umol L™ to mol m™ and
summed across the 24 1-m vertical bins, with units of mol m™
representing the estimated total water column integrated NOj;™ in
each time step for an idealized 1 m x 1 m x 24 m water column
above a 1 m? area of seafloor at each site. To characterize total NO5”
exposures through time we adapted a common approach of
quantifying temperature exposure using degree days (°C x days)
above or below set thermal thresholds. To our knowledge this is a
novel approach to quantifying accumulated nutrient exposure, with
the water column integrated NO; values in each time step
accumulated through time with units of mol-days m™ (mol x
days m™). Here the threshold value corresponds to zero water
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column NOj’, and positive values multiplied by the time step are
then accumulated to daily values and summed across longer time
intervals. It is important to note that this approach only estimates
concentrations across the water column in each measurement time
step without information on transport and fluxes of nutrients which
would be present in a moving fluid environment. However, the
approach provides a method of comparing environmental
conditions through time and quantifying potential differences
among sites. The following hypothetical example mat help to
clarify the approach and provide a sense of the units and
magnitude of accumulated NO;™ exposure here: From the NO; -
Temperature relationship above, NO; = 10 umol L™ at T ~= 12.36°
C. Therefore, if the entire 24 m water column above a 1 m? areas of
the seafloor had a uniform temperature of 12.36°C in a given time
interval, by unit conversion there would be 0.24 mol m> NO;°
present. If the temperature were constant for an entire day, there
would be 0.24 mol-days m™ of accumulated NO;™ exposure. By
multiplication, a constant 12.36°C water column over 30 and 365
days would then correspond, respectively, to 7.2 and 87.6 mol-days
m? of accumulated NO; exposure.

Here the daily NO;™ exposure estimated from the water column
temperature time series at each site were binned and accumulated
by quarters of the time series. We also estimated the nitrate
exposure based on temperature time series filtered into two
frequency bins to estimate the relative contributions of internal
waves and seasonal upwelling relative to the overall total NO;
exposure at each site. For each site the water column temperature
data were filtered with a low pass filter (pl64t) with a cutoff
frequency of f = 1 cycle 30 hr™', corresponding approximately to
the local inertial frequency. The difference between the raw and the
low-pass signals provides an estimate of the high-frequency
variability primarily associated with diurnal and semidiurnal
forcing, while the low-pass signal provides an estimate of the
variability associated with seasonal upwelling. The low and high
frequency NOj signals were summed by quarters for the time
period 24 Jun 2014 through 25 May 2015 (n = 336 d total, n = 84 d
per quarter). The quarterly totals associated with the low frequency
(seasonal upwelling) and high frequency (internal waves)
components were also expressed as percentages of the overall
total daily water column integrated NO5™ exposure.

Power spectra of the temperature and estimated NO;™ time
series for each site were also calculated using Welch’s averaged
periodogram method for a series of 14-day data segments with
application of a Hamming window and 50% overlap, yielding
estimates of spectral power with 95% confidence intervals, as a
function of frequency (Thomson and Emery, 2014; Trauth,
2015). The power spectra of the NO; time series were
calculated on the estimated NOj™ time series from June 2014
through May 2015.

3 Results

Annual total canopy area of the three kelp beds at Cardiff, La
Jolla, and Point Loma varied by ~33 fold across the 37-yr time
series, from a minimum of 0.34 km? in 1984 to a maximum of 11.25
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km? in 2008 with the larger kelp beds at La Jolla and Point Loma
accounting for the significant majority of the canopy area
(Figure 2). Kelp canopy area was generally large or increasing
during nominally cold years, and small or decreasing during
warm years. Kelp canopy area normalized by site-specific
maximum cover across the time series showed large variations
through time with the largest proportional changes in the small kelp
bed at Cardiff, and more consistent patterns at La Jolla and
especially at Point Loma. Notably, the Cardiff kelp bed exhibited
very low area and low proportional cover during a multi-year
period of warm conditions in the 1990s and again from 2016
through 2019 when canopy area was close to zero. Total canopy
area and proportional cover at the Point Loma kelp bed remained
closer to its long-term mean throughout the time series and
exhibited its maximum cover in 2018. Since 2014, kelp
persistence calculated as the annual cover as a proportion of the
average cover for the preceding 5 years was lowest at Cardiff (mean
26.4%) and markedly higher at La Jolla (mean 68.7%) and Point
Loma (mean 99.9%) (see yearly values in Table 1). The median
values of the site-normalized canopy cover differed among sites and
among nominally warm versus cold years with the lowest median at
Cardiff (9.2% warm years, 37.5% cold years), and more consistent
median values at La Jolla (23.5%, 39.6%) and Point Loma (38.3%,
48.0%) between warm years and cold years (Figure 3).

Total Area (kmz)

10.3389/fmars.2023.1007789

The 11-mo temperature time series exhibited clear seasonal
variation with cooler temperatures across the water column
dominating from Jun through Aug 2014, and Feb through May
2015, while significantly warmer temperatures persisted from Sep
2014 through Jan 2015 (Figure 4A). Temperature extremes ranged
from low of 10.14°C to high of 23.94°C at 1 m and 24 m above the
bottom respectively at North La Jolla and temperature extreme
values were similar among sites. The minimum and maximum
temperatures were comparable across sites (minima 10.14 to
10.27°C, maxima 22.28 to 23.94°C), with the mean temperatures
0.7 to 1.1°C warmer at North La Jolla than at the other sites. The
depth of the 14.5°C isotherm varied significantly through time at
both seasonal time scales and higher frequencies (Figure 4A white
line). From Jun through Aug 2014 and Feb through May 2015 the
height of the 14.5°C isotherm ranged from ~ 5 to > 24 m above the
bottom across the study sites, with isotherm depths at North La
Jolla occurring deeper than at other sites, especially during Mar
through May 2015. Corresponding to the water column
temperature distributions and isotherm depths, the estimated
total water column NOj™ exhibited clear seasonal differences with
highest NO;3™ and extensive variability from Jun through Aug 2014
and from Feb through May 2015, and consistently low NO;™ from
Sep 2014 through Jan 2015 associated with anomalous warming and
the onset of a marine heatwave during the “Pacific Blob” event
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Sea surface kelp canopy cover at Cardiff (CAR), La Jolla (LJ), and Point Loma (PTL) kelp beds 1983 through 2019. Top panel shows total canopy area
(km?) color coded by site. Lower three panels show the yearly observations normalized by the maximum value observed across the time series
within each site. Triangles at the top indicate years categorized by thermal patterns as warm (red), cold (blue), neutral (black) from the Multivariate
ENSO Index; kelp cover are the maximum values recorded annually from quarterly aerial surveys. Data from (MBC Aquatic Sciences, 2020).
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TABLE 1 Kelp persistence 2014 through 2019 for sites at Cardiff (CAR),
La Jolla (LJ), and Point Loma (PTL).

Year CAR LJ PTL
2014 69 103 109
2015 81 109 122
2016 6 34 59
2017 1 28 37
2018 2 69 190
2019 0 69 83
Mean 26 69 100

Site-specific kelp persistence (%) in each year calculated as 100 x annual maximum canopy
cover divided by mean of the annual maximum canopy cover for the preceding 5 years. Kelp
cover data from MBC Aquatic Sciences (2020).

(Figure 4B). The total daily water column integrated NO;™ exposure
(mol-days m™?) over the 11-mo time series differed across sites, with
maximum values at Point Loma (28.45) followed by South La Jolla
(25.06), Cardiff (23.61), and North La Jolla (18.61). For the full
study period the high frequency components of NO;™ exposure
associated with internal waves accounted for 4.4 to 8.7% of the
totals with greatest contribution at Point Loma, while lower

100 . WARM YEARS ,

10.3389/fmars.2023.1007789

frequency components of NO3™ exposure associated with seasonal
upwelling accounted for 91.3 to 94.9% of the totals, see Table 2.

Associated with the varying presence of water cooler than
14.5°C, the winter and spring seasons were characterized by
relatively high NO;™ concentrations and extensive variability of
NO; at high frequencies, while the period from Sep through Jan
was characterized by consistently low predicted NO;”
concentrations, and occasional high frequency pulses of nitrate
exposure. The view of the full 11-mo time series in Figure 4
illustrates the major seasonal differences.

A more detailed, expanded view of the temperature and
estimated NO;™ time series for mid Sep through mid-Dec 2014
and Mar through May 2015 reveal additional details of the
variability within and among sites (Figures 5A, B). From mid Sep
through mid-Dec 2014 temperatures were at their annual warmest,
with only intermittent periods when the 14.5°C isotherm was
present, corresponding to short-term pulses of NOj3  exposure
which were most evident at Point Loma. By contrast,
temperatures were cold and highly variable from Mar through
May 2015 with the depth of the 14.5°C isotherm varying
throughout the water column and frequently changing depth by
as much as 5 to 20 m within tens of minutes to several hours. The
variability among sites from Mar through May 2015 is evident in
both the water column temperatures and water column integrated
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FIGURE 3
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Box plot comparing the distributions of site-normalized historical kelp canopy cover at the Cardiff (CAR), La Jolla (LJ), and Point Loma (PTL) sites for
the period 1983 through 2019 among nominally warm and cold years. Horizontal red bars indicate median values, blue boxes extend to the 25th and
75th percentiles and whiskers include the extreme values. Median values at CAR, LJ, and PTL were 9.2, 23.5, and 38.4 % in warm years and 37.5,
39.6, and 47.9 % in cold years respectively. Data from MBC Aquatic Sciences, 2020.
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FIGURE 4

(A) Continuous record of water column temperatures June 2014 through May 2015 at 4 coastal study sites at 1 min intervals for the lower 24 m of
the water column above the seafloor at 36 m bottom depth. Color shows interpolated temperature indicated by color bar at right. Black lines
indicate vertical position of the 14.5 °C isotherm in raw data; white lines indicate vertical position of 14.5 °C isotherm for 10-d filtered data. (B) Water
column integrated nitrate (NOs") predicted from temperature; black lines show water column NOz~ based on 1-min temperature data, green lines
show water column NO3z™ based on 10-d filtered temperatures.

TABLE 2 Total nutrient exposure (NO3™ mol-days m) across the study NO5 time series, with generally high concentrations of NO5™ across
year (24 Jun 2014 through 25 May 2015, n = 336 d) for sites at Cardiff

(CAR), North La Jolla (NLJ), South La Jolla (SLJ), and Point Loma (PTL).

sites, but with a persistent pool of warmer water evident shallower
than 15 m above the bottom at North La Jolla. Corresponding to the
Total (NOs; ~ mol- % Internal % differences in water column temperatures, North La Jolla exhibited

days m™ TS Upwelling the lowest total water column NO; among sites during Mar

CAR 23.61 51 94.9 through May 2015, followed by Cardiff, South La Jolla, and Point
Loma. The variability in NOj;  exhibited similar corresponding

NLJ 18.63 63 93.7 . .
patterns of differences among sites, lowest at North La Jolla and

SLJ 25.06 44 95.6 greatest at Point Loma (Figure 5B).

PTL 28.45 8.7 913 Power spectra of the NO;™ time series for each site indicate

mark ral peak he semidiurnal fr ncy, 1.94 cycl
Totals are broken down as percentages associated with forcing frequencies corresponding to arked spectral peaks at the se diurna equency, 9 cycles

internal waves (f >= 1 cycle 30 hr') and upwelling (£ < 1 cycle 30 hr'). per day, and also peaks corresponding to the diurnal frequency
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he lower 24 m of the water column measured at 36 m bottom depth. Black

lines indicate position of the 14.5 °C isotherm at 1 min intervals, white lines indicate position of the 14.5 °C isotherm for 10-d filtered data. Lower

panels show total water column integrated NOz~ for 1-min data (black lin

(Figure 6). There are also differences among sites in the heights of
the peaks at the semidiurnal frequency, indicating greatest
semidiurnal variability at Point Loma, followed by South La
Jolla, and smaller peaks at Cardiff and North La Jolla.

The total estimated NO;’, binned quarterly, further
demonstrates the patterns of major variation among seasons as
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FIGURE 6

Power spectral density of water column integrated NOsz™ at each
kelp forest study site for the study period Jun 2014 through May
2015. Error bar shows 95% confidence interval for the spectra
calculated on a series of 14-d windows with 50% overlap. Sites
indicated by color shown in legend in upper left.
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es) and 10-d filtered data (green lines).

well as differences among sites (Figure 7). There was high NO;
exposure in Jun-Sep 2014 and especially in Mar-May 2015, while
total NO5;™ was consistently low in Sep-Dec 2014 and low to
intermediate in Dec-Mar 2015. There were clear differences
among sites in the total estimated NOj; with exposure
consistently highest at Point Loma and consistently lowest at
North La Jolla across quarters and for the full year totals
(Figure 7 and Table 2). The relative contribution of high
frequency (f >= 1 cycle 30 hr™') and low frequency variability in
NO;’ exposure as a percentage of the totals varied markedly among
quarters of the study period. During the periods of high NOj5
exposure in Jun-Sep 2014 and Mar-May 2015, seasonal upwelling
accounted for 90 to 95% of the total NO;™ signals across sites. By
contrast, during periods of low overall NO;™ exposure, when water
column temperatures were generally warm, short pulses associated
with high frequency internal waves accounted for 10% to as much as
100% of the total NO3” exposure.

4 Discussion

Variation in kelp bed canopy cover across the nearly 4-decade
time series considered here highlights both the highly variable
nature of kelp abundance and clear differences among kelp beds
with respect to total size and site-normalized persistence through
time. The total area of the Point Loma and La Jolla kelp beds far
surpass that of the small bed at Cardiff, primarily reflecting marked
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FIGURE 7

Quarterly estimated total nitrate exposure, (NOs~ mol-days m™2) for each of the study sites for period 24 Jun 2014 through 25 May 2015. Top panel
shows quarterly means and standard error of the total NO3™ exposure. Middle panel show totals for the low-frequency component of exposure
corresponding to seasonal upwelling, UPW, (f < 1 cycle 30 hr%). Lower panel shows totals for the high-frequency component of exposure
dominated by diurnal and semidiurnal internal waves, IW, (f >= 1 cycle 30 hrY). Note differences in y-axis scaling among panels. Sites indicated by

color legend in top panel.

differences among sites in the availability of rocky substrata at
depths less than ~25 m. Changes in the site-normalized canopy
cover, and patterns of persistence since 2014 show clear patterns of
Point Loma > La Jolla >> Cardiff. Notable during the recent period
is a sharp decline in the Cardiff kelp bed since 2016 while the kelp
beds at La Jolla and particularly at Point Loma have persisted and
even increased in area. While the aerial survey data analyzed here
consider the La Jolla kelp bed as a continuous one, local
observations have also shown recent, as well as long-term
differences between the south portion which has remained
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relatively consistent and the north portion, where kelp cover has
been very low especially since 2016. It is important to note that
canopy cover at the sea surface is only a portion of the total kelp
biomass through the water column, and near bottom biomass of
kelps, as well as the components of total algal biomass associated
with other benthic algae, can remain present even in years when
kelp surface canopy is reduced or absent. However, during years of
high surface canopy biomass, there is likely to be corresponding
high kelp biomass both through the water column and at the
seafloor. It is reasonable to expect that variation in kelp bed
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canopy cover, and site-normalized cover through time are useful
indicators of overall kelp dynamics.

The distribution, abundance, persistence and resilience of kelp
beds are controlled by a range of interacting environmental and
biological processes with complex, stochastic, and non-linear
responses. For the study sites here, Cardiff has the smallest area
of suitable rocky substrata and the smallest kelp bed size (E. Parnell
unpublished observations). At Cardiff the primary mode of the
rocky substrate depth distribution (~8 m) is shallower than at La
Jolla (~17 m) or Point Loma (~14 m) (E. Parnell unpublished data).
The Cardiff kelp bed, along with shallow portions of the North La
Jolla kelp bed, are therefore, likely exposed to less frequent
intrusions of NO;3™ from deeper water, and longer durations of
exposure to warmer surface waters. In addition to effects on mature
sporophytes, spatial differences in nutrient exposure associated with
the site-specific quantity and depth distribution of rocky substrata
may influence spore production, gametophyte growth and
reproduction, and subsequent recruitment of early stage
sporophytes. It is important to note that individual factors such
as nutrient exposure are unlikely to explain complex interactions in
kelp ecosystems. However, there is also significant potential for
mechanistic links between spatial variation in oceanographic
forcing and the dynamics, spatial heterogeneity, and ecology of
kelp communities. The observations of spatial differences in kelp
persistence, with the greatest persistence at Point Loma, correspond
to consistent patterns of variability among sites in the modelled
integrated water column NOj;  exposure among sites, both
seasonally and when summed through time. Notably variability in
the NO;™ signal also showed the same spatial pattern and was
concentrated at the semidiurnal and to a smaller extent the diurnal
frequencies, indicative of internal waves which may play significant
roles in alongshore heterogeneity of the kelp beds in San Diego.
These observations support the general hypothesis that patterns of
kelp persistence within the region map onto, and are influenced by,
spatial and temporal patterns of NO;™ availability, and suggest that
differences in nutrient climate can at least partially explain spatial
variation in community dynamics of these key foundation species.

Nitrate exposure is clearly not the only driver of kelp bed
persistence; however, it is certainly one of the most recognized
limiting factors in kelp survival, with the nutrient status of kelp
blades being linked to adult survival during periods of suboptimal
environmental conditions, such as thermal stress (Gerard, 1997;
Ladah and Zertuche-Gonzalez, 2022). Although the approach used
here is based on a well-established relationship between
temperature and nitrate (Zimmerman and Kremer, 1984;
Konotchick et al., 2012), the integrated water-column NOj
model does not include fluxes of water and nutrients over the
kelp beds, which could further impact complex feedbacks between
boundary layer dynamics and nitrate uptake kinetics beyond our
characterization of a static nutrient environment (Hepburn et al.,
2007). Nevertheless, the patterns detected were notably different
across sites and do coincide with spatial patterns of kelp forest
persistence in this region. The approach of characterizing site-
specific integrated water-column NOj™ environments might provide
an additional tool for quantifying the physicochemical forcing of
sub-thermocline nitrate, which along with light, substrate
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availability, and disturbance regimes (e.g. storm waves, sand
movement, urchins), greatly influence kelp persistence and
resilience. The approach of estimating total nitrate exposure from
temperature data that are relatively straightforward to collect could
be applied in combination with other approaches for reserve
planning, restoration efforts, resource management, and potential
offshore aquaculture site selection (e.g. Snyder et al.,, 2020;
Zertuche-Gonzales et al., 2022).

Across the full temperature time series from in 2014 and 2015,
and during periods of cold water temperatures and high NO;
exposure, we observed as much as 1.2 to 1.5 fold differences among
sites, with the North La Jolla and Cardiff sites consistently lower than
South La Jolla and especially Point Loma which consistently showed
the highest integrated water-column NO;". During periods of warm
temperatures and low overall NO5™ exposure, NO3 exposure was 2 to
2.7 fold greater at Point Loma than at North La Jolla and Cardiff with
South La Jolla intermediate and generally closer to exposures at Point
Loma. During the period from Mar through May 2015, although all
sites showed similar temperatures in the bottom of the water column,
a persistent surface warm-water pool was present at North La Jolla
and not at the other sites in. This persistent surface warm pool from
Mar through May 2015, with temperatures consistently warmer than
the 14.2°C intercept in the temperature-nitrate relationship,
essentially removed the top half of the water column at North La
Jolla from contributing to total integrated NO;™ over a significant
vertical section of the kelp forest. By contrast, the Point Loma, South
La Jolla, and Cardift sites showed a greater overall integrated NO5',
with little to no warm surface pooling, and cooler temperatures
throughout the water column during this period.

Of note in the spectral analysis, the Point Loma site also showed
the greatest NO;  variability at the semidiurnal frequency, and this
pattern is also visible as variability in the raw temperature time
series. This demonstrates that NO;™ exposure at this site is strongly
influenced by semidiurnal internal tidal forcing, even during typical
upwelling periods. Semidiurnal internal waves have been shown to
provide sub-thermocline nutrients to the shelf in many regions of
the world (e.g. Sandstrom and Elliott, 1984; Leichter et al. 1996;
Leichter et al., 2003; Lucas et al., 2011). Pulses of nutrients
associated with internal waves can result in an increase in
seaweed tissue nitrogen over relatively short periods of time
(Pérez-Mayorga et al.,, 2011; Ladah et al, 2012), and have been
suggested to lead to kelp forest persistence at depth during warm
periods in the Southern California bight (Ladah and Zertuche-
Gonzalez, 2004). While seasonal upwelling is the dominant mode of
nutrient exposure overall, during the warmest water period in this
study, internal waves provided virtually all of the cool water and
associated NO3’, which may be critical for sustaining kelp through
nutrient deplete seasons in southern California.

The dynamics and spatial variability of incident internal waves
interacting with the continental slope and inshore coastal
bathymetry are highly complex. Among the factors influencing
these dynamics are changes in the overall mean depth of the
thermocline, as well as bottom depth, distance from shore, the
strength of forcing, and bottom slope angle (Aghsaee et al., 2010).
The mean depth of the thermocline and associated nutricline
modulates nutrient provision by high frequency internal waves to
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the coastal environment due to greater nitrate availability at depth,
and the high frequency shoaling transiently makes this pool
available to inshore communities in shallow water. At longer
seasonal time frames the mean depth of the thermocline is
controlled by patterns of seasonal upwelling. The landscape and
steepness of the kelp bed area can also influence the amplitude and
impact of internal waves. For example, bottom depth, bottom slope,
and distance to offshore bathymetric features where internal waves
are generated all impact the strength and propagation of internal
tidal forcing, all of which can vary over short distances (Ladah et al.,
2012; Filonov et al., 2014). These processes might be particularly
relevant at a site such as Point Loma where the kelp bed occurs in
deeper water closer in horizontal distance to a nutrient source at
depth as well as to potential internal wave generation sites.
Furthermore, even if the upwards motion of this cooler deeper
water does not actually reach the deepest sections of the kelp bed,
such as may occur during warmer periods of deeper thermoclines
and nutriclines, the non-linear diapycnal mixing of nutrients by
internal waves up the slope into the bottom layers of deeper kelp
forests might be sufficient to maintain productivity at core areas
even during warm years and during marine heatwaves, such as
occurs during El Nifio events at some sites in the Southern
California Bight adjacent to a deep water channel (Ladah and
Zertuche- Gonzalez, 2004). This process has been shown to be
highly-spatially variable at scales of only a few kilometers (Filonov
et al,, 2014) and could certainly result in differences in kelp bed
persistence over short distances.

During the period of low NO; exposure during Sep 2014
through Jan 2015, associated with anomalous surface heating and
depression of the thermocline at the onset of the “Pacific Warm
Blob”, the pattern of greater integrated water column nitrate at Point
Loma relative to the other kelp forest sites studied here was
maintained, although with much lower values and much shorter
and smaller nutrient pulses. Kelp survival through the important fall
period of higher irradiance aided by episodic nitrate provision could
allow for some growth and potentially prevent the dilution of
nitrogen reserves in new tissue. The combination of high light and
sufficient nutrients could allow kelps at sites with short-term nutrient
pulses to maintain biomass and spatial dominance in their
environment and reduce fall senescence. The provision of even
small amounts of nitrate during this period could provide an
advantage and increase survivorship, potentially leading to year-to-
year persistence. It is unclear from this analysis, however, whether the
small, short-term pulses of NO;” would be sufficient for enhanced
kelp survivorship, and physiological experiments on nutrient uptake
at low concentrations and during periods of nutrient replete
conditions would be a valuable next step. Pulse fertilization
experiments in culture do suggest that for a smaller kelp (Ecklonia
aborea nee Eisenia), weekly 2-hr fertilizations could nearly double
tissue nitrogen concentrations (Sanchez-Barredo et al,, 2011) and
allow for extended survivorship under thermal stress, whereas uptake
kinetics of giant kelp suggest they can take advantage of even very
rapid, small nutrient pulses (Gerard 1982a; Fram et al., 2008).

Prior studies of nutrient availability in kelp forest habitats have
relied primarily on environmental sensing of winds, currents, and

ocean temperature (e.g. Jackson, 1977; Zimmerman and Kremer,
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1984) and in some recent cases deployment of in situ NO;  sensors
(e.g. McPhee-Shaw et al, 2007; Fram et al, 2008). The former
studies generally relied on relationships between temperature and
nitrate to predict nutrient levels from temperature records, and the
latter more recent studies used portions of the study periods when
the in situ nitrate measurements were successful to generate
estimates of the relationship between temperature and nitrate that
could then be used to model NO;™ exposure through time from in
situ temperature records (e.g. Snyder et al., 2020). There are large
variations in total NO; exposure through time (up to 50-fold
changes in monthly integrated totals) associated with wind-driven
upwelling that can account for up to 70% of total NO3™ exposure
and are largely coherent among sites (McPhee-Shaw et al., 2007;
Fram et al, 2008). There can also be significant NO3™ delivery
associated with diurnal, semidiurnal, and higher-frequency internal
waves. For a site along the coast of Santa Barbara, NO;™ delivery
associated with high-frequency events has been estimated to supply
from 9 to 12% of total annual exposure (McPhee-Shaw et al., 2007;
Fram et al., 2008) and in Northern Baja California, about 11% of the
days of the year were shown to have biologically relevant high-
frequency sub-thermocline nutrient pulses due to internal wave
forcing (Ladah et al., 2012).

In southern California, exposure to internal waves is likely to be
more important for overall kelp growth than the annual percentages
estimated for Santa Barbara suggest. In this region internal wave
impacts can be strongest in summer months when reduced wind-
driven upwelling and water column stratification typically lead to a
significant reduction in surface NO;™ concentrations and periods of
prolonged physiological stress in kelps (Zimmerman and Kremer,
1984). Also, the alongshore variation in internal wave exposure may
explain a significant proportion of the differences in nutrient
availability among sites, particularly for nearby sites (e.g. < 10 -
30 km apart) where wind-driven upwelling may be largely coherent.
In Northern Baja California at a spatial scale of less than 10 km, an
order of magnitude difference in variance occurs for current speeds
forced at the semidiurnal frequency, with large differences in the
dominance of the diurnal versus the semidiurnal signal in
temperature over this spatial scale (Filonov et al., 2014).
Furthermore, inter-annual variation in stratification associated
with the El Nifio Southern Oscillation (ENSO) has been shown to
affect inter- and intra-specific competition among kelp species, and
in seasons and years of low surface nitrate availability, internal
waves are again likely to be an important source of sustaining
nutrients (Dayton et al., 1999). Similarly, with increasing distance
south along the coast (e.g. from Santa Barbara to San Diego),
warmer surface temperatures and greater depth of stratification
may significantly increase the relative importance of short-term
nutrient pulses to overall nutrient availability, particularly in
seasons and years when upwelling is reduced.

In this study, in situ measurements of variation in temperature
with depth and modeled NO;™ exposure at multiple sites reveal the
importance of both seasonal and higher-frequency diurnal and
semidiurnal physical forcing that may contribute to the growth
and persistence of local kelp beds. Identifying suitable habitat for
productive and resilient kelp is necessary to manage and potentially
to restore these valuable resources. Our results suggest that
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previously observed among-site variability in kelp growth and
persistence may be explained, at least partially, by variation in
high-frequency pulses of nutrients to overcome persistent warm,
nutrient-deplete conditions near the surface. The differences in
nutrient exposure estimated here for sites along ~30 km of the
coastline in San Diego point to the importance of spatial
heterogeneity of nutrient availability at a range of scales,
particularly within regions. These observations also suggest high
frequency variability and intermittent exposure to nutrient pulses
may be increasingly important as southern California coastal
ecosystems are exposed to continuing warming and deepening of
stratification associated with climate change and increasingly
frequent marine heatwaves.
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