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Abstract

El Niños and marine heatwaves (MHWs) are predicted to increase in

frequency under greenhouse warming. The impact of climate oscillations like

El Niño-Southern Oscillation on coastal environments in the short term likely

mimics those of climate change in the long term; therefore, El Niños may

serve as a short-term proxy for possible long-term ecological responses to an

increasingly variable climate. Understanding and prediction of ecosystem

responses requires elucidating the mechanisms underlying different organiza-

tional scales (organism, space, and time). We analyzed spatiotemporal varia-

tion in the effect of the 2015–2016 El Niño and the overlapping 2014–2016
East Pacific MHW on three intertidal kelps (Hedophyllum sessile, Egregia

menziesii, and Postelsia palmaeformis) at seven sites across 300 km of the Ore-

gon coast and over three years post El Niño. We measured percent cover, den-

sity, maximum length, growth, and carbon : nitrogen (C:N) ratios monthly in

spring/summer at each site from 2016 through 2018. Results revealed a com-

plex interplay between spatial, temporal, and biological factors that modified

the effects of these thermal anomalies on Oregon intertidal kelp populations.

Our findings generally agree with prior literature showing detrimental effects

of El Niño on kelp. However, El Niño and possibly MHW effects can be miti-

gated or amplified by environmental processes and kelp life history strategies.

In our study, coastal upwelling provided regional relief for the kelp individuals

with respect to their growth needs and mitigated the adverse effects of

warming. On the other hand, we also found that coastal upwelling amplified,

or compounded, detrimental effects of El Niño by increasing phytoplankton-

induced shading and mollusk grazing on juvenile and adult kelps, thereby

reducing their density. Given the greater uncertainty associated with warming

events and climate change in the California Current Upwelling System and its

biological implications, our findings reiterate the importance of acquiring bet-

ter understanding of how context-specific underlying conditions modify eco-

system processes. More specifically, understanding how demographic traits

and life history stages of kelp change with biological interactions and
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environmental forcing over temporal and spatial scales is crucial to anticipat-

ing future climate change ramifications.
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INTRODUCTION

Macroalgal communities are shaped by the complex
interplay of a multitude of external biotic and abiotic fac-
tors and the intrinsic responses of the individual macro-
algal species (Dayton, 1985; Dayton et al., 1984, 1992,
1999; Schiel & Foster, 2006, 2015). These factors are not
stable over space or time, especially in the context of cli-
mate change. Tolerance levels are species-, life-history-
stage-, or even specimen-specific. As stated by Davison
and Pearson (1996), “stress must be defined in terms of
the response of an individual rather than the value of a
particular environmental variable.”

Environmental factors drive the formation of upper
and lower threshold values of tolerance of all species
including macroalgae (Hoek, 1982). Kelps are among the
most spatially extensive and abundant of the macroalgae
and thus are critical to the sensitivity of algae-dominated
systems to environmental change. Because of tolerance
boundaries, kelps continuously optimize trade-offs
between demographic traits of growth, reproduction, and
survival throughout their life history. Most ecological
studies have focused on the large sporophyte stage of kelp
species (Dayton, 1985), often with an implicit assumption
that the growth and survival of juvenile kelps were deter-
mined by the same environmental factors that influence
the adult sporophytes. However, more recent work
emphasizes the different threshold factors critical to the
separate life-history stages, especially the gametophyte
and juvenile stages (Schiel & Foster, 2006, 2015).

Important environmental factors influencing kelp
communities include light, temperature, nutrients, graz-
ing, and sedimentation. The relative importance of these
factors may differ between adult and juvenile kelp stages
(Dayton, 1985). Specifically, (1) light. Irradiance quality
and quantity is critical to all kelp life-history stages, and
many important physical and biological processes are
ultimately light related. Factors affecting irradiance may
include suspended sediments, phytoplankton blooms,
and shading by algal canopies (Schiel & Foster, 2015).
Some adult kelps are generally insensitive to changes in
subsurface light because they form a surface canopy and
can translocate the products of photosynthesis toward
the holdfast, while light levels to the seafloor are

frequently below those needed for the growth of juvenile
sporophytes (Dean & Jacobsen, 1984; Neushul, 1981;
Reed & Foster, 1984). (2) Temperature. It is challenging
to isolate temperature effects from many other environ-
mental factors in field conditions. For example, light and
nutrient thresholds depend on ambient temperature
(Dean & Jacobsen, 1984, 1986; Lüning, 1980; Mann, 1971).
However, under controlled laboratory conditions, increas-
ing temperature negatively affected both adults and juve-
niles (Hollarsmith et al., 2020; Schiel & Foster, 2006).
(3) Nutrients. The evidence emphasizes the importance of
dissolved nitrogen for kelps (Schiel & Foster, 2015). Experi-
mental fertilization of kelps with nitrate has dramatically
enhanced growth (Dean & Jacobsen, 1986; DeBoer, 1981;
North, 1983). (4) Grazing. Young and old macroalgal tis-
sues often have different palatability or anti-grazing charac-
teristics, and suffer different grazing pressures. Grazers,
such as snails, limpets, chitons, sea urchins, and fish usu-
ally preferentially graze on juvenile kelps over adults
(Heaven & Scrosati, 2004; Taylor et al., 2002; Taylor &
Schiel, 2010; Van Alstyne et al., 1999, 2001; Watson &
Norton, 1985). (5) Sedimentation. Sedimentation and sedi-
ment scour are highly detrimental to kelps (Dayton
et al., 1984; Dean & Deysher, 1983). In most cases, their
effects are most severe on spores, gametophytes, and juve-
nile sporophytes (Dayton et al., 1984).

The intrinsic responses of kelps to environmental
change vary with life history stage. Variation in demo-
graphic traits can be explained by stress or reduced
growth (or other integrative parameters such as repro-
duction and recruitment) driven by limited resources
(Schiel & Foster, 2006, 2015). Resource limitation and
physiological performance are the principal determinants
of kelp tolerance to environmental variability and
change. As climate or other environmental conditions
shift, responses are initially based on adaptations molded
through kelp evolutionary history. Physiological adapta-
tions and environmental variables do not change inde-
pendently in nature, and may often covary as a reflection
of mesoscale or global scale events (Phillips & Pérez-
Ramírez, 2017). One of these events is El Niño-Southern
Oscillation (ENSO), which in addition to altering physi-
cochemical environmental properties, can also cause
severe ecological impacts.
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ENSO is a major ecological process governing the dynam-
ics of kelp populations (e.g., Dayton et al., 1999; Graham
et al., 1997; Parnell et al., 2010). Warm-phase El Niño effects
are multi-faceted, reducing nutrients, intensifying wave
action (contributing to changes in light and sedimentation),
elevating sea temperature, and raising sea level, especially in
the East Pacific (Ebeling et al., 1985; Philander, 1983;
Tegner & Dayton, 1987). ENSOs can also have dramatic
effects on species interactions and the structuring of commu-
nities. Although El Niño impacts on marine life typically are
strongest in the equatorial Pacific, its effects can propagate
north and south along the coast of the Americas, affecting
marine life across a vast geographic range. For example, El
Niño caused declines in multiple macroalgal species in the
equatorial Galapagos Islands (Vinueza et al., 2006), led to
declines of 50%–70% in California kelp populations (Dayton
et al., 1992), and severely reduced growth and abundance of
Oregon intertidal kelps (Freidenburg, 2002). However, the
detrimental effects of El Niños can be mitigated by strong
and persistent coastal upwelling. Studies show that in the Cal-
ifornia Current Upwelling System (CCUS), kelps were able to
recover quickly or maintain their population densities due to
upwelling-driven inputs of nutrients (Dayton et al., 1992;
Freidenburg, 2002).

Despite considerable progress in our understanding of
the impact of climate change on many oceanographic pro-
cesses, earlier research reached no clear consensus across
the generalized circulation models on El Niño intensities
or frequencies in response to carbon dioxide increases
(Cherchi et al., 2008; Collins, 2000; Guilyardi, 2006; Meehl
et al., 2006; Merryfield, 2006). A review of these models
found projections anywhere between 30% decreases to 30%
increases in ENSO-driven sea surface temperature (SST)
variability (Vecchi & Wittenberg, 2010). However, Cai
et al. (2018) recently pointed out that the “no consensus”
conclusion (i.e., predicted ENSO patterns greatly differed
from one model to another) resulted from using spatially
fixed SSTs and not incorporating nonlinearities of associ-
ated ENSO processes. After correcting these issues, Cai
et al. (2018) found a robust increase in future SST variabil-
ity among CMIP5 climate models. An increase in SST vari-
ance implies an increase in the frequency of “strong” El
Niño events and associated extreme weather events.

ENSOs have been recently joined by the novel rise of
marine heatwaves (MHWs), which can impose severe direct
thermal stresses on organisms and thus lead to a variety of
indirect effects. MHWs with notable ecological impacts have
been occurring more frequently in the past century as a result
of global warming (Bindoff et al., 2013; Oliver et al., 2018).
MHWs are defined by prolonged periods of anomalously
warm ocean temperatures (Hobday et al., 2016). They can
overlap or coincide with El Niño events, thus compounding
devastating and long-lasting thermal impacts on marine

ecosystems (Filbee-Dexter et al., 2020; Gupta et al., 2020).
Like El Niños, MHWs dramatically reduce kelp populations
and can trigger complete regime shifts from kelp forests to
seaweed turfs (Wernberg et al., 2016) or sea urchin barrens
(Rogers-Bennett & Catton, 2019).

In addition to causing anomalously high and persistent
SSTs, these thermal events may cause extreme weather pat-
terns (i.e., persistent high air temperature and droughts)
with severe effects. For example, in the northwest Iberian
peninsula, Rom�an et al. (2020) found that air temperature
was a critical factor in determining physiological perfor-
mance and survivorship of intertidal canopy-forming mac-
roalgae while high sea temperature had sublethal effects.
Some intertidal macroalgae experienced decreases in maxi-
mum quantum yield, growth, and high mortality when
exposed to higher air temperatures during the emersion
periods. In another example, Thomsen et al. (2019) found
that MHWs caused high mortality of Durvillaea spp. on the
New Zealand coast.

Environmental factors associated with climate change
and ENSO that are important to juvenile and adult kelps are
predicted to intensify (IPCC, 2018). Themultifarious nature of
environmental change and species-specific properties of kelps
could create a major obstacle in developing accurate predic-
tions about biological responses to climate change in marine
habitats, especially in the rocky intertidal of the CCUS. Rocky
intertidal habitats are ecotonal, with marine and terrestrial
influences, both being altered by climate change (Doney
et al., 2012; Harley et al., 2006; Howard et al., 2013; Sagarin
et al., 1999). Hence, organisms in this ecosystem are subject to
aquatic and aerial environmental challenges (Helmuth
et al., 2006). Survival, growth, and reproduction of important
habitat forming rocky-shore kelps are known to vary with cli-
matically sensitive environmental variables (Davison &
Pearson, 1996; Harley et al., 2012). However, our understand-
ing of the relationship between environmental change and
the performance of individual kelp species in a community
setting is limited. We needmore studies that consider ecologi-
cal performance of kelps within the context of changing envi-
ronmental regimes, and delineate how the performance of
each species vary across life stages and demographic traits.

Ecologists use several common quantitative metrics (per-
cent cover, density, and size of an individual) to characterize
community structure and measure changes in community
composition and species abundance across space and time.
Since thesemetrics are not necessarily correlated, a closer look
at the types of information each metric yields is necessary to
fully assess responses of the macroalgal species to environ-
mental change. Do thesemetrics assess overall changeswithin
a species and a community as a whole and/or do they assess
how intrinsic properties of a species change in response to
external stimuli? What kind of insights will these metrics
reveal ormask?

ECOLOGICAL MONOGRAPHS 3 of 26



We addressed these issues by investigating the responses
of three common intertidal kelp species at seven locations
along the Oregon coast. This ecosystem is an excellent natu-
ral laboratory for investigating the role of environmental and
biological processes in shaping the intertidal kelp communi-
ties due to its documented ecological repercussions from El
Niño and its exposure to strong environmental gradients
(i.e., coastal upwelling, variable wave action, emergence time
during low tide) over short spatial scales (Freidenburg, 2002;
Menge et al., 2015). To better understand the ecological con-
trols that modulate the effects of El Niños on the Oregon
rocky intertidal kelp populations across various organiza-
tional scales (organism, space, and time), we asked the ques-
tions and pose the hypotheses below:

Q1: What were the temporal response pat-
terns of three common intertidal kelps after
the 2014–2016 thermal events?
H1: As was observed after the 1997–1998 El
Niño, kelp metrics would be the lowest imme-
diately after the event and increase over time.

Q2: Were there spatial differences in the
response patterns of three common intertidal
kelps?
H2: Relative performances of kelps would
vary strongly in space, with lower perfor-
mance at the northern and central Oregon
regions and higher performance in southern
Oregon due to upwelling variation.

Q3: Which environmental parameters had
the strongest relationship with the response
patterns of three common intertidal kelps?
H3: Kelp metrics would respond positively
over the years and the rate of responses
would be the fastest where dissolved inor-
ganic nitrogen is most abundant.

Q4: Would the ecological metrics quantified
(percent cover, density, and length of an
individual) for all three species vary uni-
formly or vary by taxon?
H4: Due life-history related conservatism,
the metrics would vary by taxon.

METHODS

Study system

We studied three common intertidal kelp species
(Hedophyllum sessile, Postelsia palmaeformis, and Egregia

menziesii) along 300 km of the Oregon coast. Survey sites
were nested within each of three capes or regions (from
north to south): Cape Foulweather (Fogarty Creek, Boiler
Bay, Depoe Bay), Cape Perpetua (Yachats Beach and
Strawberry Hill), and Cape Blanco (Cape Blanco North
and Rocky Point) (Appendix S1: Table S1; Figure 1). The
sea palm P. palmaeformis was mostly absent at Boiler Bay,
so we added sea palm studies at Depoe Bay (South Point)
as our second replicate site for this species. All aspects of
the study, surveys, growth, density, and carbon : nitrogen
(C:N) ratios, were conducted monthly in spring/summer,
when growth and reproduction occur, at each site from
2016 through 2018 (Spiecker & Menge, 2021).

Each cape has different physical, biological, and geo-
logical features (Menge et al., 2015). Cape Foulweather
has a relatively narrow continental shelf with stronger
offshore flow, experiences more intermittent upwelling,
has high dissolved inorganic nitrogen levels, and is domi-
nated by macrophytes (kelp, surfgrass, and other macro-
algae) in the low intertidal zone. Cape Perpetua has a
wider continental shelf that generates weak and retentive
currents, experiences more intermittent upwelling, has

F I GURE 1 Map of the seven study sites along the Oregon,

USA, coast
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lower dissolved inorganic nitrogen and higher phytoplank-
ton levels, and is dominated by sessile invertebrates and
non-canopy and turf-forming algae in the low intertidal
zone. Cape Blanco has a narrow continental shelf with a
strong offshore jet, experiences more persistent upwelling,
has higher dissolved inorganic nitrogen levels, and is domi-
nated by macrophytes in the low intertidal zone.

Macroalgal transect surveys

We used transect surveys to examine changes in algal
abundance and size across capes. At each site, we
established five permanent (5 � 1 m) plots for each spe-
cies. Since our goal was to document kelp performance
and not characterize species populations at the site scale,
plots were placed where the target species were most
abundant. Further, sampling the same marked plots is, in
our view, the best way to document temporal change.
Plots were sampled using 0.5 � 0.5 m2 quadrats placed
contiguously on both sides of a transect line run through
the middle of the plot along the 5-m axis. Data collected
monthly for each species were kelp percent cover, den-
sity, and maximum length of the longest individual in
each quadrat or, for P. palmaeformis, maximum stipe and
frond length (Appendix S1: Table S2).

In situ macroalgal growth and breakage

We quantified growth of H. sessile and E. menziesii only
through elongation of their blades because their growth
with respect to the thickening of stipe, blade, and hold-
fast tissues are trivial compared to blade elongation, thus
resulting in negligible short-term changes. We did not
quantify P. palmaeformis growth because of their com-
plex growth patterns and high breakage rate. The sea
palm grows in two directions at a similar rate: (1) elonga-
tion of blades from the meristematic region and (2) elon-
gation and thickening of the stipe from the meristoderm
beneath the cortex (Holbrook et al., 1991). Because of this
complexity, there was no straightforward and non-
intrusive way to measure growth in the field. Addition-
ally, their high breakage rate (as a result of wave
exposure) made it difficult to track individuals for growth
rate measurements.

For H. sessile and E. menziesii, growth rates were quan-
tified using the hole-punch method (Kain, 1976;
Larkum, 1986). Monthly H. sessile growth rate was quanti-
fied by punching a hole in the longest vegetative blade of
each individual 5 cm above the meristematic region.
Growth was measured as the distance between the base of
the blade and the hole, which moves away from the

holdfast as the blade grows. Monthly E. menziesii growth
rate was determined by punching a hole in the longest veg-
etative blade 5 cm below the intercalary meristematic
region. Growth was measured as the distance between the
meristematic region and the previous hole (Appendix S1:
Table S2). Twenty individuals of each species per site were
identified using coded plastic tags attached to the substrate
adjacent to each alga with a stainless-steel lag screw placed
in pre-drilled holes in the rock.

Using the same individuals tagged for growth mea-
surements, we also quantified percent rachis breakage of
E. menziesii. Individuals lacking a rachis beyond the site
of the hole punch (for the growth measurement) was
recorded as “broken.” Percent rachis breakage was calcu-
lated by dividing the number of “broken” individuals by
the total number of the tagged individuals. H. sessile
experienced no blade breakage throughout the survey
obviating the need for its estimation.

Elemental composition

Elemental composition provides a measure of kelp perfor-
mance with regard to nutrient uptake. To identify biogeo-
graphic patterns of elemental composition (percent C,
percent N, and C:N), we quantified the C:N ratio
(Appendix S1: Table S2) for each species. We randomly col-
lected samples from 20 separate individuals of each species:
one-inch square sections of H. sessile blades, five fronds of
P. palmaeformis, and 5-cm sections of E. menziesii terminal
blades. All samples were placed in plastic zip-top bags in the
field, kept cool, and subsequently stored in a�20�C freezer.

Samples for the C:N analysis were prepared by
thawing at room temperature and removal of epiphytes
and fouling organisms. Samples were rinsed with
deionized water and dried in ashed foil packets at 60�C
for 48 h. They were then ground to a powder using a
SPEX SamplePrep 8000D Mixer/Mill (Metuchen, NJ,
USA), and stored in 2 ml microcentrifuge tubes. Carbon-
13 and Nitrogen-15 contents were analyzed by Oregon
State University Stable Isotope Lab with a Carlo Erba
NA1500 (Grand Island, NY, USA) elemental analyzer
and a DeltaPlus isotope ratio mass spectrometer (Thermo
Fisher Scientific, Grand Island, NY, USA). Due to finan-
cial constraints, only H. sessile samples taken each July
from 2016 to 2018 were analyzed.

Environmental parameters

Environmental data (chlorophyll a [chl a], dissolved
inorganic nitrogen [DIN], sea surface temperature [SST],
surface air temperature [SAT], Multivariate El Niño
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Southern Oscillation Index [MEI v2], North Pacific Gyre
Oscillation [NPGO], Biologically Effective Upwelling
Transport Index [BEUTI], and significant wave height
[SWHT]) for the sampling months were provided by
the Menge laboratory or the National Oceanic and
Atmospheric Administration (NOAA) (Appendix S1:
Table S2). Daily SST and SAT were measured at every site
using HOBO TIDBIT and/or Pendant temperature loggers
(Onset, Bourne, Massachusetts, USA) held to the rock with
small stainless-steel cages. The loggers sampled at 5-min
intervals in the low intertidal at all sites. A detiding pro-
gram was used to separate air from water temperatures
(Menge et al., 2008). Monthly chl a and DIN were extracted
from bottle samples taken from the surf zone at every site
and measured using the protocol in Menge et al. (1997).
Monthly SWHT was measured by NOAA buoys 20 nautical
miles west of the Oregon coast at 42� N (Station 46015)
and 45� N (Station 46050) latitudes (data available online,
https://www.ndbc.noaa.gov/). For months when these
buoys were inoperative, we used the wave data from the
next closest buoy and fitted a regression line to estimate
the missing values (R2 = 0.82). BEUTI (Jacox et al., 2018)
data were measured offshore between 31� N and 47� N lati-
tudes at 1� resolution (data available online, https://
oceanview.pfeg.noaa.gov/products/upwelling/intro). MEI
v2) data were obtained from NOAA’s Physical Sciences
Laboratory (data available online, https://psl.noaa.gov/
enso/mei/) and NPGO data were obtained from Georgia
Institute of Technology (Di Lorenzo et al., 2008; data avail-
able online, http://www.o3d.org/npgo/).

Statistical analyses

Species performance metrics

Statistical analyses were conducted on performance met-
rics of each species, including percent cover, density,
maximum length, growth rate, percent breakage, and ele-
mental composition using R Studio (R Core Team, 2021,
Version 1.1.456, Package: stats, Function: cor) and SAS
Enterprise Guide (SAS Institute 2013, Version 7.1, Proce-
dure: MIXED, GLIMMIX). These analyses included hierar-
chical linear mixed model (HLMM), hierarchical generalized
linear mixed model (HGLMM), least squares means (LSM),
and correlation coefficients. Assumptions appropriate for
each model (independence, homoscedasticity, and normality)
were examined visually and all data met the criteria. Correc-
tions were not applied for multiple pairwise comparisons
because the contrasts were planned a priori with the inten-
tion of comparing the observational results with prior results
in the literature. Furthermore, reducing the type I error for

null associations may increase the type II error for those
associations that are not null, which is a concern when
important differences may be deemed nonsignificant
(Feise, 2002; Perneger, 1998; Rothman, 1990). Thus, instead
of applying corrections, precise p-value and standard error
were reported.

Response trajectories

The species matrix (162 spatiotemporal sampling
units � 9 species performance measures) contained per-
cent cover, density, and maximum length of the three
species over three months (May, June, July) and three
years (2016, 2017, 2018). To make analyses more manage-
able, replicates (quadrats, transects, and sites) were
aggregated and averaged to acquire a single response
value for each species performance in each cape, month,
and year, thus reducing the dimensions of the species
matrix to 27 spatiotemporal sampling units � 9 species
performance measures. The environmental matrix
(27 spatiotemporal sampling units � 8 environmental
variables) contained measurements of environmental
variables (Appendix S1: Table S2). All species perfor-
mances within each spatiotemporal sampling unit were
relativized by each species performance maximum to
standardize different metrics across the columns.

Nonmetric multidimensional scaling (NMDS) was con-
ducted to visualize spatiotemporal sampling units (cape,
month, and year) in species performance space. NMDS
ordinations used Sorensen distances, had a random starting
configuration, did not penalize ties, and were run 200 times
with real and randomized data, an instability criterion of
0.00001 and a maximum of 500 iterations. This analysis
was conducted using PC-ORD (McCune & Mefford, 2016).

RESULTS

Performance and response patterns of each kelp species
showed a complex interplay among spatial, temporal, and
biological factors (Table 1). To ease understanding, below
we will refer to the different regions as the Northern (Cape
Foulweather, CF), Central (Cape Perpetua, CP), and South-
ern Capes (Cape Blanco, CB).

Hedophyllum sessile

H. sessile generally exhibited positive responses in the
years following the El Niño event with respect to maxi-
mum length, density, percent cover, growth rate, and
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C:N. However, the rate and direction of these responses
varied by site and cape. Furthermore, there was a notable
decline in the year 2018 for some of the metrics.

Maximum length

Maximum length of H. sessile varied with cape and
year (cape � year interaction; HLMM; F4,4607 = 22.92,
p < 0.0001; Appendix S1: Table S3; Figure 2a,b). Tempo-
rally, the average maximum length differed among years
(HLMM; F2,4605 = 129.02, p < 0.0001; Appendix S1:
Table S3; Figure 2a,b). Spatially, H. sessile at the Southern
Cape (CB) were longer on average than those at the
Northern Cape (CF) and were generally of the same
length as those at the Central Cape (CP; LSM; [CB/CF]
p = 0.0003, [CB/CP] p = 0.5464; Appendix S1: Table S4;
Figure 2a). However, the cape � year interaction showed
some fine-scale differences between the Southern and
Central Capes. The mean difference in maximum length
of H. sessile individuals between the Southern and Central
Capes increased throughout the years. In 2016, Southern
Cape individuals were 2.37 � 2.75 cm (mean � SE) shorter
on average than those at the Central Cape (LSM;
p = 0.3946; Appendix S1: Table S4; Figure 2a). In 2017, this
difference was reversed. Average maximum length of
Southern Cape individuals was 1.59 � 2.75 cm longer than
those at the Central Cape (LSM; p = 0.5666; Appendix S1:
Table S4; Figure 2a), and with an even wider gap in 2018
(i.e., Southern Cape individuals were 5.51 � 2.75 cm lon-
ger; LSM; p = 0.0529; Appendix S1: Table S4; Figure 2a).
Sites within the Northern and Southern Capes (Boiler Bay
and Fogarty Creek, Cape Blanco North and Rocky Point,
respectively) showed similar patterns to their respective

cape-scale averages (Figure 2b). However, the sites within
the Central Cape (Yachats Beach and Strawberry Hill)
showed opposite trends (Figure 2b).

With respect to environmental variables, maximum
length of H. sessile was positively correlated with chl-a,
DIN, BEUTI, and NPGO and negatively correlated with
SST, SAT, MEI, and SWHT (Pearson correlation;
p < 0.0001; Appendix S1: Table S5; Figure 3a).

Density

H. sessile generally increased in number of individuals/
0.25 m2 from 2016 to 2018 at all capes (LSM;
p < 0.0001; Appendix S1: Tables S3 and S4; Figure 2c,
d). Density was highest at the Northern Cape (CF) with
an average of 8 � 0.56 individuals/0.25 m2 (LSM;
[CF/CP] p = 0.0557, [CF/CB] p = 0.0476; Appendix S1:
Table S4; Figure 2c). Boiler Bay, a site within the cape,
was the main driver of the high density (Figure 2d).
Densities were lower at both the Central (CP) and
Southern Capes (CB) with average density of 4 � 0.56
individuals/0.25 m2 and negligible density differences
between these capes (LSM; [CB/CP] p = 0.8537;
Appendix S1: Table S4; Figure 2c). The sites within the
Central and Southern Capes (Yachats Beach and Straw-
berry Hill, Cape Blanco North and Rocky Point, respec-
tively) showed similar patterns to their respective capes
(Figure 2d).

With respect to environmental variables, H. sessile den-
sity was positively correlated with DIN, SST, and NPGO
and negatively correlated with Chl-a, BEUTI, SAT, and
MEI (Pearson correlation; p < 0.03; Appendix S1: Table S5;
Figure 3b).

TAB L E 1 Summarized performance responses of each intertidal kelp species from 2016 to 2018

Metric

Species

Hedophyllum sessile Egregia menziesii Postelsia palmaeformis

Maximum length Increase Increase
(notable decline in 2018)

Increase
(only for the Cape Blanco North populations)

Density Increase Constant Variable

Percent cover Increase Decrease
(notable decline in 2018)

Increase
(only for the Cape Blanco North populations)

Growth rate Increase
(notable decline in 2018)

Decrease

Percent rachis breakage Increase
(notable increase in 2018)

Percent carbon Decrease

Percent nitrogen Decrease

Carbon :Nitrogen Increase
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Percent cover

Percent cover of H. sessile changed in ways consistent
with those seen for length and density. H. sessile percent
cover generally increased from 2016 to 2018 at all capes
(LSM; p < 0.03; Appendix S1: Tables S3 and S4;

Figure 2e,f). On average, percent cover at the Northern
Cape (CF) was approximately 18% � 5.9% greater than at
the Southern Cape (CB; LSM; [CB/CF] p = 0.0574;
Appendix S1: Table S4; Figure 2e), but did not differ from
that at the Central Cape (CP; LSM; [CF/CP] p = 0.1175;
Appendix S1: Table S4; Figure 2e). The high percent

F I GURE 2 Hedophyllum sessile performance metrics. Average maximum length by (a) cape and (b) site. Average density by (c) cape

and (d) site. Average percent cover by (e) cape and (f ) site. All values are arithmetic mean � SE. For panels (a), (c), and (e), capes are

Northern Cape Foulweather (CF), red dot-dashed line; Central Cape Perpetua (CP), green dashed line; and Southern Cape Blanco (CB), blue

solid line. For panels (b), (d), and (f), sites are Fogarty Creek (FC), red solid line; Boiler Bay (BB), red dot-dashed line; Yachats Beach

(YB), green solid line; Strawberry Hill (SH), green dot-dashed line; Cape Blanco North (CBN), blue solid line; Rocky Point (RP), blue dot-

dashed line
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cover at the Northern Cape was driven by Boiler Bay
(Figure 2f). Percent cover at the Central Cape did not dif-
fer from that at the Southern Cape (LSM; [CB/CP]
p = 0.4692; Appendix S1: Table S4; Figure 2e). H. sessile
cover at the Southern Cape was the lowest among the
capes but also increased in cover the most consistently
from 2016 to 2018 (Figure 2e). The sites within the South-
ern Cape (Cape Blanco North and Rocky Point) showed

similar patterns to their respective cape (Figure 2f). How-
ever, the sites within the Central Cape (Yachats Beach
and Strawberry Hill) showed opposite trends (Figure 2f).

With respect to environmental variables, percent
cover of H. sessile was positively correlated with NPGO
and negatively correlated with BEUTI, SST, SAT, MEI,
and SWHT (Pearson correlation; p < 0.03; Appendix S1:
Table S5; Figure 3c).

(a) (b) (c)

(d)

(g) (h) (i) (j)

(e) (f)

F I GURE 3 Pearson correlations between three intertidal kelp performance metrics and the environmental variables. Radar plots

showing (a) maximum length, (b) density, and (c) percent cover of Hedophyllum sessile; (d) maximum length, (e) density, and (f) percent

cover of Egregia menziesii; and (g) maximum frond length, (h) maximum stipe length, (i) density, and (j) percent cover of P. palmaeformis.

Circles represent the Pearson correlation coefficient between the species performance metric and environment variables (solid

circles p < 0.05, open circles p > 0.05). The position of the circle along the radial axis indicates the strength of correlation between that

species performance metric and a given environmental variable. The solid black line represents zero correlation and the region inside

(outside) this line represents negative (positive) correlations. Abbreviations of the environmental variables are BEUTI, biologically effective

upwelling transport index; Chl a, chlorophyll a; DIN, dissolved inorganic nitrogen; MEI, multivariate El Niño Index; NPGO, North Pacific

Gyre Oscillation; SAT, surface air temperature; SST, sea surface temperature; SWHT, significant wave height
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Growth rate

Growth rate of H. sessile differed among capes (HLMM;
F2,171 = 28.07, p < 0.0001; Appendix S1: Table S6;
Figure 4a,b) but did not vary across years (HLMM;
F = 1.22, p = 0.3614; Appendix S1: Table S6; Figure 4a,b).
H. sessile at the Southern Cape (CB) grew
0.076 � 0.026 cm/day and 0.198 � 0.028 cm/day longer on
average than those at the Central (CP) and Northern
(CF) Capes, respectively (LSM; [CB/CP] p = 0.0045 and
[CB/CF] p < 0.0001; Appendix S1: Table S7; Figure 4a).
The sites within all capes showed similar patterns to their
respective capes (Figure 4b).

Elemental composition

Elemental content in H. sessile varied strongly with cape
and year, especially at the Central (CP) and Southern
(CB) Capes. The Northern Cape (CF) exhibited negligible
differences in elemental composition across the years
(Figure 5a–f). Percent carbon decreased at the Southern
and Central Capes from 2016 to 2018 by 2.53% � 0.43%

and 0.99% � 0.43%, respectively (LSM; [CB: 2016/2018]
p < 0.0001, [CP: 2016/2018] p = 0.0251; Appendix S1:
Tables S8 and S9; Figure 5a). Percent nitrogen decreased
at the Southern and Central Capes from 2016 to 2018 by
0.60% � 0.07% and 0.19% � 0.07%, respectively (LSM;
[CB: 2016/2018] p < 0.0001, [CP: 2016/2018] p = 0.0104;
Appendix S1: Tables S8 and S9; Figure 5c). Finally, C:N
increased at Southern and Central Capes from 2016 to
2018 by 2.17 � 0.34 and 0.78 � 0.34, respectively (LSM;
[CB: 2016/2018] p < 0.0001, [CP: 2016/2018] p = 0.0290;
Appendix S1: Tables S8 and S9; Figure 5e). The sites
within the Northern and Southern Capes showed similar
patterns to their respective capes for percent carbon, per-
cent nitrogen, and C:N (Figure 5a,d,f). However, the sites
within the Central Cape showed opposite trends
(Figure 5a,d,f).

Egregia menziesii

E. menziesii generally exhibited positive responses in the
immediate year post El Niño for maximum length, percent
cover, and percent rachis breakage. Like H. sessile, the rate

F I GURE 4 Growth rate of (a, b) Hedophyllum sessile and (c, d) Egregia menziesii. Average growth rate by (a, c) cape and (b, d) site. All

values are arithmetic mean � SE. Capes and sites are as in Figure 2
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and direction of these responses varied by site and cape. There
was also a notable decline in some of themetrics in 2018.

Maximum length

At all capes, maximum length of E. menziesii increased
from 2016 to 2017 and decreased in 2018 (LSM;
p < 0.0006; Appendix S1: Tables S10 and S11; Figure 6a,b).

Maximum length was highest at the Southern Cape
(CB) with an average of 171.22 � 30.06 cm (LSM; p = 0.01;
Appendix S1: Table S11; Figure 6a). The sites within the
Northern, Central, and Southern Capes (Fogarty Creek
and Boiler Bay, Yachats Beach and Strawberry Hill, Cape
Blanco North and Rocky Point, respectively) showed simi-
lar patterns to their respective capes (Figure 6b).

With respect to environmental variables, maximum
length of E. menziesii was positively correlated with Chl-a,

F I GURE 5 Elemental composition of Hedophyllum sessile in July of each year. Percent carbon by (a) cape and (b) site. Percent nitrogen

by (c) cape and (d) site. Carbon to nitrogen ratio by (e) cape and (f) site. All values are arithmetic mean � SE. Capes and sites are as in

Figure 2
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F I GURE 6 Egregia menziesii performance metrics. Average maximum length by (a) cape and (b) site. Average density by (c) cape and

(d) site. Average percent cover by (e) cape and (f) site. Average percent breakage by (g) cape and (h) site. All values are arithmetic

mean � SE. Capes and sites are as in Figure 2
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F I GURE 7 Average percent cover of Postelsia palmaeformis. Average maximum frond length by (a) cape and (b) site. Average

maximum stipe length by (c) cape and (d) site. Average density by (e) cape and (f) site. Average percent cover by (g) cape and (h) site. All

values are arithmetic mean � SE. Capes and sites are as in Figure 2
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DIN, and BEUTI, and negatively correlated with SST, MEI,
and SWHT (Pearson correlation; p < 0.0001; Appendix S1:
Table S12; Figure 3d).

Density

The number of E. menziesii individuals/0.25 m2 gener-
ally remained constant from 2016 to 2018 at all capes
except for the Central Cape (CP) in 2018 (LSM;
p < 0.004; Appendix S1: Tables S10 and S11; Figure 6c).
Density was lowest at the Southern Cape (CB) across
years with an average of 0.66 � 0.33 individuals/0.25 m2

(LSM; p = 0.0038; Appendix S1: Table S11; Figure 6c).
The sites within the Northern, Central, and Southern
Capes (Fogarty Creek and Boiler Bay, Strawberry Hill,
Cape Blanco North and Rocky Point, respectively)

showed similar patterns to their respective capes
(Figure 6d).

With respect to environmental variables, density of
E. menziesii was positively correlated with NPGO, and
negatively correlated with DIN, BEUTI, SAT, and MEI
(Pearson correlation; p < 0.05; Appendix S1: Table S12;
Figure 3e).

Percent cover

Percent cover of E. menziesii was lower in 2016 and 2018
than in 2017 (Figure 6e,f). Cover of this kelp was approxi-
mately 41.7% � 8% in 2016, increased to 47.3% � 8% in
2017, and decreased to 33.7% � 8% in 2018 (LSM; p < 0.02;
Appendix S1: Tables S10 and S11; Figure 7a,b). The sites
within the Northern (CF) and Southern (CB) Capes showed

F I GURE 8 Response trajectories of Oregon rocky intertidal kelp communities by month and year. Nonmetric multidimensional scaling

of rocky intertidal kelp communities (Hedophyllum sessile, Egregia menziesii, and Postelsia palmaeformis) at three capes across three months

(May to July) and three years (2016 to 2018). Black successional vectors connect each spatiotemporal sampling unit (sampled in the same

month) through years as indicated by an arrowhead. Capes are Northern Cape Foulweather (CF) in red, Central Cape Perpetua (CP) in

green, and Southern Cape Blanco (CB) in blue. Labeled numbers represent the month and year of the survey separated by a dash.

Environment parameters BEUTI, biologically effective upwelling transport index; DIN, dissolved inorganic nitrogen; and MEI, multivariate

El Niño Southern Oscillation Index
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similar patterns to their respective capes (Figure 7b). How-
ever, the sites within the Central Cape (CP) showed very dif-
ferent patterns of abundance (Figure 6f).

With respect to environmental variables, percent
cover of E. menziesii was positively correlated with Chl-a
and DIN and negatively correlated with NPGO and

F I GURE 9 Upwelling, nutrient, and chlorophyll a metrics from 2015 to 2018. Biologically effective upwelling transport index (BEUTI)

values by (a) month and (b) cape from 2015 to 2018. Dissolved inorganic nitrogen values by (c) month and (d) cape from 2015 to 2018.

Chlorophyll a (μg/L) values by (e) month and (f) cape from 2015 to 2018. Lines represent the best fit values. Years are 2015 (red),

2016 (blue), 2017 (green), and 2018 (purple). Capes are Northern Cape Foulweather (CF, red), Central Cape Perpetua (CP, green), and

Southern Cape Blanco (CB, blue)
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SWHT (Pearson correlation; p < 0.03; Appendix S1:
Table S12; Figure 3f).

Growth rate

Growth rate of E. menziesii declined over three years
from 2016 to 2018 at the Central and Southern Capes but
varied little at the Northern Cape (Figure 4c). Comparing
to 2016, Central and Southern Cape individuals grew
1.98 � 0.19 cm/day and 2.19 � 0.15 cm/day slower in
2018, respectively (LSM; [CP: 2016/2018] p = 0.0044,
[CB: 2016/2018] p = 0.0013; Appendix S1: Tables S6 and
S7; Figure 4c). Sites within each cape showed similar pat-
terns to those at their respective capes (Figure 4d).

Percent rachis breakage

Percent rachis breakage of E. menziesii was higher in 2016
and 2018 and low in 2017 for all capes (Figure 6g). Average
percent breakage in 2016 was 75.5% � 5.8%, decreased to
35.5% � 4.9% in 2017, and increased to 63.3% � 4.8% in
2018 (LSM; p < 0.02; Appendix S1: Table S13a,b;

Figure 6g). The sites within the capes showed similar pat-
terns to their respective capes (Figure 6h).

Postelsia palmaeformis

P. palmaeformis performance metrics were variable with
no clear patterns, potentially due to limited site replicates
in the Central (CP) and Southern (CB) capes.

Maximum frond and stipe length

Maximum frond length of P. palmaeformis exhibited simi-
lar patterns as stipe length and they varied with cape and
year (cape � year interaction; HLMM; [frond length]
F4,2729 = 17.02, p < 0.0001; [stipe length] F4,2722 = 62.81,
p < 0.0001; Appendix S1: Table S14; Figure 7a,c). Southern
Cape (Cape Blanco North) was the only cape where
P. palmaeformis increased in frond (stipe) length/0.25 m2.
Frond and stipe lengths changed from 18.0 � 2.94 cm
(16.2 � 4.64 cm) in 2016 to 23.8 � 2.93 cm (25.3 � 4.63 cm)
in 2018, respectively (LSM; [frond length] p < 0.0003; [stipe
length] p < 0.02; Appendix S1: Table S15; Figure 7a,c). Sites
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F I GURE 1 0 Monthly maximum of daily surface air temperature (SAT) means from 2010 to 2019. Boxplots show median (solid line)

and mean (dashed line) monthly maximum SAT, 25th and 75th percentiles at the edge of the boxes, 10th and 90th percentiles as whiskers,

and values <10th percentile or >90th percentile as outliers. The panels are sorted by capes: Northern Cape Foulweather (CF, red) Central

Cape Perpetua (CP, green), and Southern Cape Blanco (CB, blue)
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F I GURE 1 1 Monthly maximum of daily sea surface temperature (SST) means from 2010 to 2019. Boxplots show median (solid line)

and mean (dashed line) monthly maximum SST, 25th and 75th percentiles at the edge of the boxes, 10th and 90th percentiles as whiskers,

and values <10th percentile or >90th percentile as outliers. The panels are sorted by capes: Northern Cape Foulweather (CF, red), Central

Cape Perpetua (CP, green), and Southern Cape Blanco (CB, blue)

F I GURE 1 2 Mean sea surface temperature (SST) spirals of two sites along the Oregon coast. (a) Strawberry Hill data from 1993 to

2018. (b) Cape Blanco North data from 1998 to 2018. The colored gradient bar represents mean SST. Each circle represents one year and is

divided into 12 months. Blank sections represent missing data
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within the Northern Cape (Depoe Bay and Fogarty Creek)
showed similar patterns to their respective cape-scale aver-
ages (Figure 7b,d).

With respect to environmental variables, maximum
frond and stipe length of P. palmaeformis was positively
correlated with Chl-a, DIN, BEUTI, and NPGO and nega-
tively correlated with SST, SAT, MEI, and SWHT (Pearson
correlation; p < 0.03; Appendix S1: Table S16; Figure 3g,h).

Density

P. palmaeformis varied in the number of individuals/
0.25 m2 from 2016 to 2018 at all capes (HLMM;
F4,2714 = 27.95; p < 0.0001; Appendix S1: Table S14;
Figure 7e). Density was highest at the Northern Cape
(CF) with an average of 28.57 � 7.88 individuals/0.25 m2

(LSM; p = 0.0582; Appendix S1: Table S17; Figure 7e).
Depoe Bay, a site within the cape, was the main driver of
the high density (Figure 7f). Densities were low at both
the Central (CP) and Southern (CB) Capes with average
density of 17.17 � 11.04 and 12.90 � 11.04
individuals/0.25 m2, respectively (LSM; [CP] p = 0.1157,
[CB] p = 0.1154; Appendix S1: Table S17; Figure 7e).

With respect to environmental variables, density of
P. palmaeformis was positively correlated with SST and MEI,
and negatively correlated with DIN and BEUTI (Pearson
correlation; p < 0.03; Appendix S1: Table S16; Figure 3i).

Percent cover

Percent cover of P. palmaeformis decreased from 2016 to
2018 at the Northern Cape (CF), increased throughout
the years at the Southern Cape (CB), and increased in
2017 and decreased in 2018 at the Central Cape
(CP) (LSM; (CF: 2016/2018) p < 0.0001, (CB: 2016/2018)
p < 0.0001, (CP: 2016/2018) p = 0.0005; Appendix S1:
Tables S17 and S18; Figure 7g). Among sites, cover at
Fogarty Creek accounted for most of the change at the
Northern Cape, decreasing more dramatically compared
to Depoe Bay (Figure 7h).

With respect to environmental variables, percent
cover of P. palmaeformis was positively correlated with
Chl-a, DIN, and BEUTI, and negatively correlated with
SST, SAT, MEI, and SWHT (Pearson correlation;
p < 0.01; Appendix S1: Table S16; Figure 3j).

Response trajectories

Collectively (i.e., all three species together), response tra-
jectories of the kelp communities varied in space and

time (Figure 8). In the NMDS ordination, the optimal
ordination was a two-dimensional solution. The final
ordination for NMDS had 0 instability after 81 itera-
tions and a minimum stress of 12.583 (p = 0.004;
Appendix S1: Table S19a). The ordination captured
much of the variation of the original species perfor-
mance space as indicated by high nonmetric and metric fits
(nonmetric R2 = 0.996, metric R2 = 0.951; Appendix S1:
Table S19a). BEUTI was highly correlated with Axis 1 with
stronger upwelling to the left while DIN and MEI were
highly correlated with Axis 2 with higher MEI to the top
and higher DIN to the bottom (Appendix S1: Table S19b;
Figure 8).

Response trajectories of the kelps showed clear spatial
differences (Figure 8). Each cape had a different commu-
nity composition: the Northern Cape (CF) as associated
with higher axis 1 scores (rightward in the NMDS plane)
while the Southern Cape (CB) and Central Cape
(CP) were associated with lower axis 1 scores (leftward).
The Southern Cape had the highest correlation with DIN
and BEUTI across months and years compared to other
capes.

Response trajectories also showed temporal differ-
ences (Figure 8). The Northern Cape and Central
Cape exhibited positive response trajectories from
2016 to 2017 toward communities with higher DIN
and BEUTI inputs (toward the bottom right). How-
ever, the trajectories in 2018 either partly or wholly
reverted to what the communities were like in 2016.
Communities reverting to 2016 configurations in 2018
were more strongly correlated with MEI and DIN. The
Southern Cape exhibited a steady response trajectory.
All capes exhibited monthly variation with each suc-
cessive month having lower axis 2 scores (toward the
bottom) and were increasingly correlated with DIN
and BEUTI.

Environmental variables

BEUTI values were generally consistent over years from
2015 to 2018, peaking in May and June 2015, and June and
July in 2016–2018 (Figure 9a). Peak intensity dipped slightly
in 2016. The Southern Cape (CB) had the strongest average
upwelling over the years, peaking in 2018 (Figure 9b).

The month of peak DIN values varied by year, occur-
ring in May 2015, July/August 2016, and September 2017.
Values in 2018 were lower for March–May than in previous
years (Figure 9c). Average DIN by year varied little in over-
all magnitude among capes from 2015 to 2017, but began
declining in 2017, reaching lows in 2018 with the Southern
Cape declining the least (Figure 9d). However, the 2018
average was limited to data collected before June 2018.
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June to December 2018 data were unavailable due to shut-
down of lab processing during the COVID-19 pandemic.

Chl-a values were highest in 2015, peaking in June,
and lowest in 2018 peaking in July (Figure 9e). Peak Chl-
a occurred in July in 2016 and August in 2017. Among
capes, Chl-a levels were highest at the Central Cape (CP),
next highest at the Southern Cape, and lowest at the
Northern Cape (CF; Figure 9f).

Monthly maximum SAT and SST peaked between
2014 and 2016 for all capes with values reaching close to
or over 15�C (Figures 10 and 11). Maximum SST was
most variable in 2013 and maximum SAT was most vari-
able in 2013 and 2014. Furthermore, daily mean SST for
the days between October and November increased over
the years in Central Oregon (Strawberry Hill) and South-
ern Oregon (Cape Blanco North; Figure 12a,b).

DISCUSSION

The responses of intertidal kelps following the 2014–2016
El Niño/MHW varied among species within the order
Laminariales through space (i.e., among sites [local
scales] and capes [mesoscale] along the coastline), and
time (i.e., days, weeks, months, and years). More specifi-
cally, kelp population dynamics changed from year to
year, and were governed strongly by local and regional
environmental processes and species identity (Table 1).

Synthesis of kelp responses to
environmental change

El Niño has been widely documented to have detrimental
effects on kelp populations through elevated seawater
temperature and reduced nutrients that hamper the sur-
vival, growth, and reproduction of kelps, and via storms
that physically remove the kelps (Dayton et al., 1992;
Dayton & Tegner, 1984, 1990; Freidenburg, 2002).

Our results are generally consistent with the large
body of literature on the ecological effects of El Niño and
consistent with hypothesis H1 (kelp performance would
increase following the thermal events). That is, the joint
arrival of the historically third-most severe El Niño event
in 2015–2016 and the 2014–2016 MHW reduced the per-
formance (percent cover, maximum length, and growth
rate) of H. sessile, (maximum length) of E. menziesii, and
(percent cover and maximum frond and stipe lengths for
CBN populations) of P. palmaeformis compared to its per-
formance afterward. This decline was most likely due to
the two expected changes driven by the thermal events,
increased sea temperature and declines in DIN. For
example, in 2015–2016, air and water temperature

increased with reduced thermal variability along the Ore-
gon coast (Figures 10 and 11). These changes were close
to or over the upper threshold of the kelps’ thermal toler-
ance range (15�C for H. sessile and P. palmaeformis and
18�C for E. menziesii) (Dean & Jacobsen, 1984, 1986;
Gerard, 1984; Lüning & Freshwater, 1988). The 2014–2016
large-scale extreme MHW in the northeastern Pacific
Ocean decimated giant kelp forest ecosystems across Cali-
fornia and Baja California, Mexico (Arafeh-Dalmau
et al., 2019; Cavanaugh et al., 2019; Rogers-Bennett et al.,
2019), and we infer that this event compounded the effects
of El Niño and contributed to the poor performance of
Oregon’s intertidal kelps (Figures 10 and 11). Thermal
effects were also compounded by associated declines in
DIN, which is crucial for photosynthesis and protein produc-
tion for kelps, and necessary for the increased energetic
demands that are associated with warmer than usual tem-
peratures (Colvard & Helmuth, 2017; Gao et al., 2013, 2017;
Gerard, 1997; Kremer, 1980; Turpin, 1991; Turpin
et al., 1988; Wheeler & North, 1980). As shown here, in
2017, H. sessile, E. menziesii, and P. palmaeformis numbers at
Oregon sites increased, particularly at the Southern Cape.
Positive temporal response patterns of these intertidal kelps
were associated with cessation of thermal stress conditions
and the resulting increasing availability of DIN.

Role of upwelling

As expected from hypothesis H2 (kelp performance
would vary in space), among-cape differences in upwell-
ing likely underpinned spatial variability in intertidal
kelp performance. Upwelling-driven nitrogen enrichment
can ameliorate the negative effect of high temperature on
macroalgae by boosting their photosynthesis and growth
rates (Colvard & Helmuth 2017; Gouvêa et al. 2017;
Fern�andez et al., 2020). Because upwelling is stronger at
the Southern than at the Central and Northern Capes, we
suggest the likely higher levels of nutrients resulting from
higher coastal upwelling allowed kelps to respond more
quickly after the El Niño event in terms of growth rate
and maximum length. This interpretation is consistent
with hypothesis H3 (higher DIN would facilitate faster
recovery). However, in contrast to these measures of per-
formance, and not consistent with H3, H. sessile density
was much lower at the Southern and Central Capes than
at the Northern Cape and E. menziesii density also was
lower at the Southern Cape. Furthermore, H. sessile den-
sity responded negatively to BEUTI and chl-a and posi-
tively to DIN, and E. menziesii density responded
negatively to BEUTI and DIN.

Coastal upwelling also may indirectly affect kelp den-
sity by affecting phytoplankton bloom shading and
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altering grazing effects (e.g., Kavanaugh et al., 2009).
These effects could create a recruitment bottleneck that
ultimately reduced kelp density. Specifically, H. sessile
density was negatively associated with increasing upwell-
ing and chl-a, and positively associated with increasing
DIN. First, as has been previously documented
(Kavanaugh et al., 2009), upwelled DIN stimulates phyto-
plankton blooms (measured using chl-a as a proxy)
thereby increasing the turbidity of the water column and
shading intertidal substrata. Since light availability is one
of the crucial factors affecting the survivorship of juvenile
kelps (Dayton & Tegner, 1984; Dean & Jacobsen, 1984;
Neushul, 1981; Neushul & Haxo, 1963), shading from
phytoplankton blooms likely negatively affected the kelp.
Second, upwelled DIN may tighten the recruitment bot-
tleneck further by stimulating the growth of juvenile
kelps, which through bottom-up effects may lead to
increased grazing intensity by mollusks (Menge
et al., 1999; Worm et al., 2000). Thus, we hypothesize that
upwelling-induced shading and grazing reduced
sporeling survivorship, ultimately reducing adult density
of H. sessile at the Southern and Central Capes.

On the other hand, E. menziesii density was not
strongly correlated with chl-a but was negatively corre-
lated with upwelling and DIN. The mechanisms behind
these density responses are unclear. Potential explana-
tions for the discrepancy includethe following: (1) herbi-
vores (specifically, the sea urchin Strongylocentrotus
purpuratus) preferentially graze on adult E. menziesii and
the grazing could physically remove the adult individuals
(Van Alstyne et al., 1999, 2001), and (2) instead of grazing
directly on adults, other herbivores (e.g., limpets) could
graze on kelp spores (Jernakoff, 1983). Both explanations
involve a possible indirect effect of upwelling-induced
grazing on E. menziesii individuals, ultimately contribut-
ing to a lower density at the Southern Cape.

Despite the positive temporal responses of H. sessile in
the years post-El Niño/MHW, its growth rate and percent
N tissue content declined in 2018 (contributing to an
increase in C:N). A possible explanation is that dissolved
inorganic nitrogen levels (DIN) declined in coastal
waters. Despite the lack of DIN data in the later months
of 2018, one could infer from chl-a levels that DIN levels
were low. N tissue content in H. sessile generally mirrored
the DIN decline at all sites, but percent N was much
lower in Southern Cape individuals. Although coastal
upwelling activity near the Southern Cape increased in
2018, DIN levels did not proportionally increase. These
paradoxical changes could point to the possible depres-
sion of the thermocline as a result of warming, thereby
inhibiting coastal upwelling from reaching the colder,
more nutrient-rich waters (Behrenfeld et al., 2006; Wang
et al., 2015).

Declining performance in 2018 also was observed in
E. menziesii and P. palmaeformis. In 2018, E. menziesii
had low percent cover, maximum length, high rachis
breakage, and low growth rate, and P. palmaeformis had
low percent cover and maximum frond and stipe length.
Essentially, in 2018 kelp communities either partially or
wholly reverted to metrics that occurred in 2016. The
responses of these three intertidal kelps post-El Niño/
MHW highlight the potential importance of dissolved
inorganic nitrogen in promoting kelps’ resilience to envi-
ronmental forcing.

Despite the clear responses of H. sessile (and the muted
responses of E. menziesii) to El Niño/MHW,
P. palmaeformis did not exhibit any distinct responses fol-
lowing these thermal events. Paine (1986) found that the
1982–1983 El Niño had no effects on the recruitment, mor-
tality, or growth of P. palmaeformis. Our results align with
Paine’s findings with the exception of maximum frond and
stipe length in the Cape Blanco North population. This pop-
ulation was the only one that responded positively post-El
Niño/MHW, a result that may be explained by high DIN
availability in the region. Percent cover and density
responses of the sea palm were unclear and warrant further
investigation of P. palmaeformis ecophysiology. Further-
more, P. palmaeformis density was not correlated strongly
with any environmental variable, indicating other processes
may be important. P. palmaeformis is an annual species
with short distance dispersal and a high population turn-
over rate, which means density responses may be more
dependent upon recruitment variability in space and time
mediated by seasonal and episodic wave-related distur-
bances and cleared spaces in mussel beds (Blanchette, 1996;
Dayton, 1973; Paine, 1988; Paine et al., 2017). Thus, in gen-
eral, and consistent with hypothesis H4 (responses would
vary among taxa), aspects of each species’ response were
idiosyncratic while others tended to be similar (Table 1).

Which metric(s) to use?

Ecologists use several metrics to characterize community
structure and measure changes in community composi-
tion and species abundance. Percent cover is one of the
most, if not the most, commonly used metrics in spatial
ecology. More often than not, ecologists default to per-
cent cover to assess responses of a species or a commu-
nity to external stimuli. As we argue below, this metric is
useful in some contexts, but can be problematic in others.

Like most organisms, kelps presumably optimize trade-
offs between the demographic traits of growth, reproduc-
tion, and survival throughout their life history (Schiel &
Foster, 2006). Environmental factors have critical interac-
tions with these traits, causing the traits to form upper and
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lower tolerance limits (van den Hoek, 1982). We suggest
that the density metric can serve as a proxy for algal popu-
lation survival, and that maximum length and growth rate
metrics are proxies for growth. Assuming so, our results
indicate that the demographic traits of three intertidal kelp
species responded differently to the El Niño and MHW
events, and to regional and local processes.

Density responses were variable across species.
H. sessile density, and E. menziesii to a lesser degree, was
more strongly correlated with local temperature (SAT)
and light/grazing. P. palmaeformis density was not corre-
lated strongly with any of the environmental variables
and might be more dependent upon recruitment variabil-
ity. Maximum length for all species was influenced more
strongly by regional temperature (as reflected in the
MEI), nutrients (DIN and BEUTI) and wave action
(SWHT). El Niño weakly affected kelp density but
strongly affected growth rate and maximum length.

Although maximum length and growth rate may be
auto-correlated, they can provide different perspectives.
For example, maximum length is a longer-term temporal,
cumulative record of growth (i.e., an index of growth
increments accumulated during the growth season) and
the growth rate is shorter-term temporal record
(i.e., growth increments vary on a daily basis). This real-
ity might help explain some of the variation in results of
growth and maximum length measurements. At the
Southern Cape, H. sessile growth rate was lower in 2016
and 2018, while maximum length continued to increase
from 2016 to 2018 with the slope decreasing slightly from
2017 to 2018. Furthermore, Southern Cape and Straw-
berry Hill individuals had similar maximum lengths but
the growth rate was higher at the Southern Cape. The dif-
ferential responses of these two metrics indicate that
length patterns likely were reflective of the cumulative
records of growth rate and environmental forcing during
the time period (e.g., wave action and the associated
frond breakage).

Another source of variability likely arises from differ-
ences among life history stages of kelps (i.e., gametophytes
and sporophytes, juveniles vs. adults). Each stage experi-
ences different ecological processes and likely differ more
in risk level from some processes than others, thereby
affecting the density metric. For instance, juvenile H. sessile
are more prone to isopod Idotea wosnesenskii grazing than
the adults, and adult H. sessile and E. menziesii are more
prone to urchin Strongylocentrotus purpuratus and snail
Tegula funebralis grazing than the juveniles (Van Alstyne
et al., 1999, 2001). The larger the kelp, the more it benefits
from grazing because grazing removes light-intercepting
epibionts from the fronds (D’Antionio, 1985; Duffy, 1990)
and reduces abundance of the surrounding macroalgal
competitors (Duffy & Hay, 2000), thereby reducing
shading.

Like maximum length, we argue that percent cover
integrates across environmental forcing and density and
maximum length responses. Because percent cover reflects
a species’ demographic traits of growth and survival, it can
mask internal trade-offs, which are crucial to understand-
ing the species’ responses to their environment. For exam-
ple, since H. sessile is a fairly short (e.g., maximum
height �50–75 cm) intertidal kelp that is readily sampled
using 0.25-m2 quadrats, density and length of the kelp will
weigh similarly in contributing to percent cover of the kelp.
The same is true for intertidal kelps having a three-
dimensional structure like P. palmaeformis, that is, density
and stipe/frond length will have similar weight in mea-
sures of percent cover. However, for long intertidal kelps
like E. menziesii (�10–15 m), length will have a much
greater weight in abundance metrics than density and
might skew the kelp cover.

Thus, we suggest that percent cover is a useful metric
in assessing overall changes of a species or a community,
but may not yield useful information if we want to under-
stand how species change in response to external stimuli.
Instead of the conventional use of percent cover as a
catch-all metric, ecologists should critically consider their
questions of interest and evaluate whether percent cover
is an appropriate single metric for estimation of changes
in performance response to environmental variables.

Impacts of environmental forcing

Our findings revealed a complex interplay between spa-
tial, temporal, and biological factors that modified the
effects of El Niño and MHWs on intertidal kelp
populations along the Oregon coast. Although our results
generally agreed with prior literature on the detrimental
effects of El Niño on kelp populations, these effects can
be mitigated or amplified by environmental processes
and kelp life history strategies. For example, coastal
upwelling may provide regional relief for the kelp
populations with respect to their growth needs and miti-
gate the adverse effects of El Niño. On the other hand,
coastal upwelling may amplify, or compound, the detri-
mental effects of El Niño by increasing phytoplankton-
induced shading and mollusk grazing on juvenile kelps,
thereby reducing their density. El Niño effects are further
complicated and maybe intensified by the rise of MHWs.

El Niño events are predicted to increase in frequency
under greenhouse warming (Cai et al., 2018), as are MHWs
(Frölicher et al., 2018). The impacts of such events on
coastal environments in the short term likely mimic those
of climate change in the long term (e.g., Menge et al., 2008,
2009). Therefore, ecological responses to El Niños and
MHWs may serve as a proxy for possible long-term ecologi-
cal responses to an increasingly variable climate.
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The Oregon coast has been warming in recent years,
especially southward (Figure 12a,b). Historically, kelps
do not perform well with short-term warming but kelp
thermal plasticity may be enhanced with nutrient inputs,
thus alleviating thermal stress (Fern�andez et al., 2020).
Therefore, we can expect kelp performance to worsen with
long-term exposure to a warming climate with the possible
exception of areas with high nutrients. While growth of kelps
appears more dependent upon environmental forcing, sur-
vival seems more dependent upon interactions with other
species (i.e., phytoplankton [light competition] and mollusks
[grazing]) and kelp life history strategies (i.e., recruitment).
Research shows that, depending on species and geographic
location, phytoplankton and mollusks also are subjected to
thermal stress and such stress may diminish their perfor-
mance if the stressor exceeds their thermal limit (Gao
et al., 2018; Harvey et al., 2013; Sampaio et al., 2017; Thomas
et al., 2012; Thompson et al., 2004). With sufficient protec-
tion from heat and desiccation, juvenile kelps may be
released from recruitment bottlenecks. However, in lab
experiments, kelp recruitment success generally decreased
with rising water temperatures coupled with low nutrients
(Muth et al., 2019). These conflicting potential consequences
make it unclear whether or not limited DIN or recruitment
bottlenecks/thermal-induced recruitment failure will become
more important for kelps in future warming scenarios.

Yet another scenario is that persistent warming, due to
intensifying climate change exerted at least in part by
ENSOs and MHWs, may cause changes in sea level and
tidal ranges. In the United States, tide gauge data (going as
far back as the 1930s) show either significant increasing or
decreasing trends in diurnal or mean tide range (Flick
et al., 2003). The exact mechanisms causing these trends
are unknown but several studies suggested that changes in
sea level and atmospheric conditions may have some effect
(Jay, 2009; Müller, 2011; Müller et al., 2011). However, the
effect of sea level rise on tidal amplitudes primarily
depends on depth, friction, and geometry of the seaward
boundary (Cai et al., 2012). Tidal records along the Oregon
coast show that extreme high sea levels in the winter were
associated with strong El Niños (Komar et al., 2011) and
that sea level is steadily rising along the coast (Montillet
et al., 2018). Increasing variability in water level through
space and time may compound the negative effect of
warming on intertidal kelps by exposing them to longer
and/or more variable durations of warmer than usual air
and water temperature.

Conclusion

Intertidal kelp responses vary among species, across
space, and through time. Moreover, each species

responds differently depending on their demographic
traits and life history stages. Given the greater uncer-
tainty associated with climate change in the CCUS and
its biological implications, the findings from this study
reiterate the importance of acquiring better insight into
how context-specific underlying conditions modify eco-
system processes. More specifically, understanding how
each demographic trait and life history stage of kelps
change with biological interactions and environmental
forcing over temporal and spatial scales are crucial to
anticipating future climate change ramifications.
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