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ABSTRACT: Canopy-forming kelps are foundation species in many coastal ecosystems, but
kelp-forest communities are subject to abrupt state changes caused by environmental drivers
and trophic dynamics. We examined changes in kelp communities at 5 sites along the Olympic
Coast of Washington State, USA, during and following the recent perturbations of anomalous
warm-water events and sea star wasting syndrome (SSWS). Anomalously warm water in 2013
and 2014 corresponded with a loss of approximately 50 % of Macrocystis pyrifera and Nereocys-
tis luetkeana canopy. However, the canopy quickly recovered, and stipe density increased after
2015. Purple sea urchins Strongylocentrotus purpuratus increased in density 164-fold, largely at
one site, but this increase was first observed in 2017 and peaked in 2019, after the warm period.
Sea stars did not show recovery from SSWS, with several species including Pycnopodia heli-
anthoides continuing to decline. The majority of variation in assemblage structure occurred at
the site level for kelps, macroinvertebrates, and fishes, while year explained most of the variabil-
ity for juvenile rockfishes Sebastes spp. We did not see strong top-down effects of urchins on
kelp, suggesting that top-down impacts were not dominant regionally during this period. In con-
trast, we found evidence for a bottom-up influence of kelp habitat on juvenile rockfishes, as rock-
fish recruits occurred with higher probability where kelp stipe density was higher. Our analyses
highlight the importance of spatial variation in structuring changes in kelp forest communities
associated with disturbance and suggest that it is essential to ensure the protection of a diversity
of kelp forests.
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1. INTRODUCTION

Kelp forests are iconic nearshore habitats found in
temperate and subpolar waters along approximately
a quarter of the world's shorelines (Smale 2020). As
foundation species (Teagle et al. 2017, Wernberg et
al. 2019), these large brown algae (primarily Order
Laminariales) provide biogenic habitat for many spe-
cies and form the basis of highly productive, diverse,
and complex nearshore food webs (Duggins 1988,
Duggins et al. 1989, Gabara et al. 2021, Smith & Fox
2022). Kelps influence nearshore sedimentation dy-
namics (Connell 2005), provide coastal protection
from wave energy (Pinsky et al. 2013), and increase
carbon sequestration and buffering against ocean
acidification (Wilmers et al. 2012, Weigel & Pfister
2021, but see Gallagher et al. 2022). By fueling near-
shore production and providing extensive juvenile
and adult fish habitat, kelp forests support diverse
ecological communities (Graham 2004, Schiel &
Foster 2015, Teagle et al. 2017) and important com-
mercial, recreational, and subsistence fisheries for
both fish and invertebrate species (Rogers-Bennett &
Catton 2019). As many ecosystem-level perturbations
are anticipated to intensify under scenarios of climate
and ocean change (IPCC 2022), maintaining services
from kelp forests requires regional, mechanistic stud-
ies to understand dynamic community responses.

Kelp forests are susceptible to state changes from
kelp-dominated (i.e. kelp forests) to sea urchin-
dominated (urchin barrens) habitat (Ling et al. 2015,
Beas-Luna et al. 2020), which poses a risk to the wide
range of the valuable ecosystem functions provided
by kelp forests (Smith et al. 2021, Smith & Fox 2022).
These state changes can be precipitated by climate
and oceanographic variability (Pearse & Hines 1987,
Pfister et al. 2018, Smale 2020), or by trophic dynam-
ics triggered by shifts in populations and behaviors of
key consumers (Ling et al. 2009, Watson & Estes
2011, Feehan & Scheibling 2014, Ling et al. 2015,
Shelton et al. 2018, Dunn et al. 2021). The distribu-
tion of kelps is strongly related to ocean temperature
(Breeman 1990, Smale 2020) making them vulnera-
ble to both long-term ocean warming and the more
temporally discrete effects of marine heatwaves
(MHWSs, prolonged but defined periods of anom-
alously warm water; Hobday et al. 2016). For exam-
ple, decadal scale warming in Japan, the Iberian
Peninsula, and the Northwest Atlantic has led to
canopy loss, range shifts, and loss of species in these
regions (Smale 2020). Rapid loss of kelp cover in
response to MHWs (Straub et al. 2019) has been doc-
umented in New Zealand (Thomsen et al. 2019),

Western Australia (Smale & Wernberg 2013, Wern-
berg et al. 2016), the North Atlantic (Filbee-Dexter et
al. 2020), and some but not all regions of the north-
east Pacific (Beas-Luna et al. 2020). High sea surface
temperature (SST) is often associated with low nutri-
ent conditions, which can contribute to low kelp
growth or die-offs (e.g. Cavanaugh et al. 2011, Wern-
berg et al. 2016, Pfister et al. 2018, Smale 2020),
while some studies suggest that elevated tempera-
tures have independent physiological impacts (Muth
et al. 2019, Hamilton et al. 2020). Wave action can
have different impacts based on location and species
life history —both impacting kelps directly and by
influencing herbivore behavior (Dayton & Tegner
1984, Siddon & Witman 2003, Reed et al. 2011,
Hamilton et al. 2020).

Intense herbivory by sea urchins when at high den-
sity can also drive shifts from kelp-dominated to
urchin-dominated system states (Ling et al. 2015).
However, kelp forests can be maintained or promoted
by trophic cascades in which urchin predators depress
urchin abundance, thereby facilitating dense kelp
stands —the iconic example being the otter—urchin-
kelp trophic cascade described for the northeast
Pacific (Watson & Estes 2011, Shelton et al. 2018), al-
though fishes and invertebrates (Ling et al. 2009, Eu-
rich et al. 2014, Selden et al. 2017, Eisaguirre et al.
2020) are important in some areas regionally and
around the globe. However, these trophic relationships
can be more complex than the simple trophic cascade
story, as predator redundancy, urchin behavior, and
habitat complexity all impact the dynamics (Pearse
2006, Eurich et al. 2014, Ling et al. 2015, Burt et al.
2018, Kriegisch et al. 2019, Randell et al. 2022).

Kelp forests along the west coast of North America
have experienced several major perturbations in the
last decade. The northeast Pacific Ocean (Baja Cali-
fornia to Alaska) experienced a massive and pro-
longed MHW, which developed in the southeast Gulf
of Alaska in the boreal winter of 2013/2014, began to
impact the nearshore in 2014 (hence our use of 2014
throughout as the start date), and persisted until 2016
(Bond et al. 2015, Cheung et al. 2016, Jacox et al.
2018, Scannell et al. 2020). This MHW had profound
effects on both the offshore and nearshore ecosys-
tems (Cavole et al. 2016, Lonhart et al. 2019, Morgan
et al. 2019, Sanford et al. 2019, Cheung & Frolicher
2020), including substantial loss of kelp in some
areas (Beas-Luna et al. 2020). The timing and inten-
sity of the 2014-2016 MHW impacts on the nearshore
environment varied with latitude, and subsequent
MHWs followed in 2019, 2020, and 2021 (Bond et al.
2015, Scannell et al. 2020, Harvey et al. 2022).
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Additionally, beginning in late 2013, sea star wast-
ing syndrome (SSWS) impacted populations of at
least 20 species of sea stars from California to Alaska,
including the Salish Sea (Hewson et al. 2014, 2018,
Montecino-Latorre et al. 2016, Hamilton et al. 2021),
rapidly reducing many populations by 2014 and
leading to local extinctions for some species. On the
outer coast of Washington, Pycnopodia helianthoides
(hereafter Pycnopodia) declined by 75% prior to
2018 and had lost 99.6 % of its population by 2020
(Hamilton et al. 2021). Some areas, particularly
in northern California, experienced large increases
in purple urchins Strongylocentrotus purpuratus
(Rogers-Bennett & Catton 2019). As some of the
hardest hit sea stars (e.g. Pycnopodia) consume
urchins, the die-off may have reduced top-down pre-
dation pressure on sea urchins. However, urchins
follow well-documented boom-bust reproductive
cycles (Pearse & Hines 1987, Uthicke et al. 2009,
Ebert 2010), and the dramatic increase of purple
urchin populations in the early 2010s, which was
temporally and spatially disjunct along the northeast
Pacific, may have been due to a combination of a
reduction in a minor predator (sea stars, especially
Pycnopodia; Hamilton et al. 2021), a change in sea
star foraging behavior due to a SST-driven decrease
in available drift kelp (Kriegisch et al. 2019), and a
numeric increase due to successful recruitment.

There were large regional differences in the re-
sponse of kelp forests to these events. Kelp cover in
Oregon was either stable or increased during and
following the 2014-2016 MHW (Hamilton et al.
2020), while Northern California saw substantial and
persistent loss of kelp canopy and a shift to urchin
barrens (Rogers-Bennett & Catton 2019, McPherson
et al. 2021). Responses in Central California and the
Southern California Bight were more muted, as kelp
cover declined only slightly even though there were
large increases in urchins in Central California
(Beas-Luna et al. 2020). In Baja California, both kelp
and sea urchins decreased sharply (Cavanaugh et al.
2019, Beas-Luna et al. 2020). The regionally distinc-
tive responses of kelp forest communities are likely
due to both spatial variation in climate dynamics and
associated bottom-up environmental drivers (espe-
cially in relation to species’ tolerances and range
margins), and to regional differences in food web
structure, in particular, top-down pressure (Reed et
al. 2016, Beas-Luna et al. 2020). For example, ocean
temperatures did not get as warm in Oregon as in
Northern California, and Hamilton et al. (2020) did
not observe loss of kelp canopy in Oregon. Addition-
ally, the presence of sea otters Enhydra lutria in Cen-

tral California (Gregr et al. 2020) and the combina-
tion of sheepshead Archosargus probatocephalus
and spiny lobsters Panulirus interruptus in Southern
California (Tegner & Levin 1983, Selden et al. 2017,
Eisaguirre et al. 2020) may have provided enough
top-down pressure to limit urchin densities and
affect urchin feeding behavior sufficiently to prevent
a shift to urchin-dominated habitats in these regions.
However, in Northern California, where there was
substantial warming and little predator redundancy,
the die-off of Pycnopodia may have released urchins
from top-down control, allowing their outbreak
(Beas-Luna et al. 2020)

Kelp forests in California have been monitored
regularly for decades, including the periods before
and after the recent MHWSs, sea star die-off, and
localized changes in kelp—urchin dynamics (Rogers-
Bennett & Catton 2019, Beas-Luna et al. 2020). How-
ever, kelp forests along the outer coast of Washing-
ton, USA (see Fig. 1), have received only sporadic
attention. Past studies have documented recovery of
kelp and declines in invertebrate abundance follow-
ing the restoration of sea otters, a keystone predator,
to the Washington coast, with otter populations ini-
tially reintroduced in 1969-1979 and then increasing
rapidly between the 1980s and 2010s (Kvitek et al.
1989, 1998, Shelton et al. 2018). Less is known about
interannual dynamics, including how kelp forest
sites in Washington have changed following recent
major perturbations. Moreover, little is known about
the ecology of fish communities in these kelp stands,
despite the important role of kelp habitat in the life
history of multiple commercially important species in
the region. For example, many northeast Pacific
rockfishes (genus Sebastes) settle in kelp habitats as
juveniles (Ammann 2004); some species, like black
rockfish S. melanops, remain in kelp throughout
their lives, while others move to deeper areas as they
mature, promoting teleconnections between near-
shore and offshore environments (Love et al. 2002).
Washington kelp forests are occupied by juveniles of
2 highly valuable commercial species, yellowtail
rockfish S. flavidus and canary rockfish S. pinniger,
and by both juvenile and adult black rockfish, which
are among the most highly valued recreational fishes
in the state. In other regions, habitat complexity is
known to affect the recruitment of juvenile rock-
fishes (Johnson 2006), and the vertical structure and
canopy of kelps in particular can be especially impor-
tant (Holbrook et al. 1990, Carr 1991, Markel &
Shurin 2020).

Here, we examine recent kelp community dynam-
ics at 5 sites along the Olympic Coast of Washington,
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USA, using diver surveys (2015-2021), kelp canopy
cover information from overflight surveys, and SST
data. We assess spatiotemporal trends and commu-
nity composition patterns for the major species of
macroalgae (giant kelp Macrocystis pyrifera, bull
kelp Nereocystis luetkeana, stalked kelp Pterygo-
phora californica [hereafter Macrocystis, Nereocys-
tis, and Pterygophora), and other stipitate kelps), sea
urchins, sea stars, and fishes, including juvenile
rockfishes. Our main objectives were to examine (1)
the prevalence, timing, and severity of MHWs and
elevated SST in general along the Washington Coast,
(2) if and how kelp forest communities changed in
the periods during and following the 2014-2016
MHW and other warm SST anomalies, and SSWS; (3)
whether community composition of kelps, inverte-
brates, and fishes was structured more by spatial dif-
ferences or shared temporal variation; and (4)
whether we can detect interactions involving multi-
ple guilds, which are hypothesized to structure kelp
forest communities. Specifically, we investigated the
relationship between kelp and sea urchin densities at
multiple spatial scales and assessed the link between
the abundance of kelp and juvenile rockfishes. We
predicted fewer strong impacts from the 2014-2016
MHW and SSWS on Washington kelp forests com-
pared to those in California, because both Macrosys-
tis and Nereocystis are in the central portion of their
range in Washington (Smale 2020), and absolute
temperature extremes are less likely to exceed spe-
cies tolerances at these latitudes (Hamilton et al.
2020). Moreover, top-down pressure from sea otters
may help prevent a shift to urchin barren habitats in
the event of substantial, initial kelp loss.

2. MATERIALS AND METHODS
2.1. Study sites

We conducted dive surveys at 5 sites in late July or
early August of 2015-2021 (but excluding 2020 due
to COVID-19 restrictions) within or adjacent to the
Olympic Coast National Marine Sanctuary (OCNMS,
designated in 1994) along the coast of Washington,
USA (Fig. 1). The sites ranged from Destruction
Island in the south to Neah Bay in the north. All sites
were relatively protected from wave action, com-
prised primarily subtidal rocky reefs (Fig. S1 in
the Supplement at www.int-res.com/articles/suppl/
m703p047_supp.pdf; Shelton et al. 2018), and sup-
ported the surface-canopy forming kelp species
Macrocystis pyrifera and/or Nereocystis luetkeana,

as well as the mid-water (~1 m off the bottom) stipi-
tate kelp Pterygophora californica, and various
understory kelps (Shelton et al. 2018). Previous work
suggests that wave exposure was not important in
explaining variability in kelp cover among these sites
(Shelton et al. 2018), likely because these sites were
initially selected to be somewhat protected from
wave action to allow for dive surveys (Kvitek et al.
1989).

2.2. Survey design

Our survey provides estimates of species-level
abundance for 4 guilds in kelp forest ecosystems:
(1) major macrophytes (Macrocystis, Nereocystis,
Pterygophora, and ‘other’, the sum of other
stipitate macrophytes); (2) major benthic inverte-
brates (e.g. urchins, sea stars); (3) fishes; and (4)
juvenile rockfishes Sebastes spp., defined here as
individuals less than 10 cm total length (Text S1).
Divers on SCUBA conducted in situ surveys to
count targeted species at each site along benthic
belt transects (30 m by 2 m) following slightly
modified procedures described in Malone et al.
(2022). At each of the 5 sites (Fig. 1), we sampled
2 locations, separated by >100 m, and 2 depths
within each location (5 and 10 m; in 2015 we only
sampled at 5 m). Our goal was to complete 6 repli-
cate transects at each year-site-depth combination,
but actual sampling effort varied (Table S1).

For algae and invertebrates, we surveyed a 30 m
long by 2 m wide swath centered on each transect
(60 m? total area), and for fishes we surveyed a 30 m
long by 2 m wide by 2 m tall volume (120 m? total vol-
ume). We recorded all invertebrates >2.5 cm in size
(maximum dimension) and all kelp stipes >30 cm in
height, except for Macrocystis where we counted
stipes >1 m in length. In some instances we found
high densities of kelp or invertebrates and subsam-
pled these species. In each of 3 segments (10 m)
along a transect, we recorded the distance at which
we observed 30 individuals and then converted these
data to a total estimate of density for the 60 m? tran-
sect. We counted and estimated the size (total length
to nearest cm) of all fishes >5 cm total length; the
exception was rockfishes Sebastes spp., for which we
estimated sizes of all individuals. Rockfishes <10 cm
were considered juveniles. Divers also estimated
horizontal visibility on each transect by determining
the distance at which the lead diver could distinguish
their buddy's extended fingers. Transects with visi-
bility less than 2 m were excluded from the analyses
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including fishes, since species identification becomes
imprecise.

Because it is difficult to visually distinguish many
rockfish species when they are small, we categorized
juvenile rockfishes into 5 groups established in the
literature (Johansson et al. 2018, Markel & Shurin
2020). (1) Yellowtail and black (YTB) included both
yellowtail S. flavidus and black S. melanops rock-
fishes. (2) The copper/quillback/brown (CQB) group
included copper S. caurinus, quillback S. maliger,
and brown S. auriculatus rockfishes. We were able
to identify (3) canary S. pinniger and (4) blue rockfish
S. mystinus to species. (5) Unidentified individuals
were categorized as juvenile rockfishes.

2.3. Sea surface temperature
To evaluate SST trends at our sites, we obtained

daily mean SST data from the NOAA Optimum Inter-
polation (OI) SST V2.1 High Resolution Dataset

the surface within OCNMS

(Reynolds et al. 2007, Huang et al. 2021) for 1992-
2021 for each of the 5 sites (https://psl.noaa.gov/data/
gridded/data.noaa.oisst.v2.highres.html). These data
are available daily in a 0.25° x 0.25° global grid. The
Neah Bay and Tatoosh sites fall within the same
OISST grid cell, so their values are identical.

We quantify maximum monthly mean SST at our
sites for each year because prior work has identified
this metric as a predictor of kelp cover dynamics in
other areas along the West Coast, USA (Cavanaugh
et al. 2019, Beas-Luna et al. 2020, Hamilton et al.
2020), and because absolute temperature has been a
better predictor than temperature anomalies for the
2014-2016 MHW (Cavanaugh et al. 2019, Hamilton
et al. 2020). We also calculated the number of days
above 15°C for each site by year because there is
some evidence that growth of both Macrocystis and
Nereocystis tends to decline above 15°C in conjunc-
tion with changes in nutrient availability (Zimmer-
man & Kremer 1984, Camus & Buschmann 2017,
Supratya et al. 2020). While Nereocystis may be
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unable to produce sporophytes in 18°C water (Muth
et al. 2019), Macrocystis sporophyte production may
be more tolerant to higher temperatures (Deysher &
Dean 1986a,b).

To provide a more formal analysis of MHW preva-
lence at our sites, we also calculated MHW statistics
following Hobday et al. (2016) and using the 'heat-
waveR' package (Schlegel & Smit 2018) in R 4.2.0 (R
Core Team 2022). We evaluated the number of dis-
crete events that met MHW criteria (Hobday et al.
2016), as well as the length of these events, and the
number of individual days above the 90 % percentile
of SST by year and site.

2.4. Area of canopy kelps

We augmented our kelp stipe counts with data from
aerial overflight surveys of kelp surface-canopy cover
to provide a broader temporal context of how kelp
canopy species varied prior to our initiating benthic
surveys in 2015. Prior analyses of the aerial survey
data have revealed the influence of bottom-up envi-
ronmental processes and top-down forcing through
trophic cascades on kelp abundance over the past
30 yr (Pfister et al. 2018, Shelton et al. 2018). The
Washington Department of Natural Resources (WDNR)
conducts these surveys annually in late July or early
August during peak kelp canopy coverage. Data were
available for 1989-2020, excluding 1993, with area
data derived from the analysis of aerial photographs
(Van Wagenen 2015, WDNR 2017, Shelton et al.
2018). The survey distinguishes between Macrocystis
and Nereocystis. Canopy area is defined as the spatial
extent of kelp blades, bulbs and stipes floating on the
water surface (Van Wagenen 2015).

2.5. Data analysis

To understand changes in kelp forest communities
since 2015, we created regionally aggregated time
series (2015-2021) for each of the focal taxa within
the 4 guilds of our SCUBA surveys (kelps, benthic
invertebrates, large fishes, juvenile rockfishes); in
some cases, rare species were combined into a larger
taxon (Tables S2-S5, see Fig. 2). We first averaged
densities by site and year and then took the yearly
mean of site averages to obtain a region-wide mean
for each taxon to identify any strong temporal trends
at the scale of the full study region (Fig. 1). As we
have only 6 yr of data, we limited our evaluation to
qualitative analysis of trends in these data.

While aggregate time series are useful for under-
standing generalized trajectories of each species, we
expect different members of the kelp forest commu-
nity to have distinct spatial and temporal patterns in
abundance due to differences in recruitment, other
life-history characteristics, and food-web interac-
tions. Furthermore, identifying shared spatial and
temporal patterns of abundance can reveal factors
important in structuring kelp forest communities. We
focused on understanding the patterns of variation in
each of 4 guilds —kelp, benthic invertebrates, large
fishes, and juvenile rockfishes —and then compared
factors explaining variation in abundance among
guilds. We applied permutation-based, multivari-
ate analyses to understand how each guild (see
Tables S2-S5 for species included in the analyses
and higher-level taxon groupings of uncommon spe-
cies) was structured with respect to the 3 independ-
ent variables appropriate to our survey structure:
depth, site, and year, plus all 2-way interactions with
transects as replicates. Each independent variable
was coded as a factor. We ordinated sites using
canonical analysis of principal coordinates (CAP,
implemented in R using 'CAPdiscrim’; Anderson &
Willis 2003) to visualize abundance variation. We
used permutation-based multivariate analysis of
variance R 4.2.0 (PERMANOVA, implemented via
‘adonis’ in R; Anderson 2001, Okamoto et al. 2020, R
Core Team 2022) to determine the variance ex-
plained by each independent variable (depth, site,
and year, plus all 2-way interactions). Here we pres-
ent the r? values with the terms treated as fixed
effects, not variance components from random
effects. We applied a square-root transform to the
data and used a Bray-Curtis distance matrix with 999
permutations for both the CAP and PERMANOVAs
(Anderson 2001). We summarized results for the
ordinations at the site x year level for presentation.
We then compared results among the guilds to assess
if the 4 guilds are structured in a similar manner that
would suggest shared, cross-guild drivers.

In addition to focusing on broad taxonomic guilds,
we examined 2 interactions involving multiple taxa
that have been identified as particularly important
components of kelp forest communities. First, we
investigated the relationship between sea urchins
and kelp, as this interaction plays a disproportionate
role in determining kelp forest community structure,
including mediating between kelp-dominated and
urchin barren states (Estes et al. 2004, Watson &
Estes 2011). Second, we assessed the role kelp
forests play in providing vital juvenile settlement
habitat for supporting fish communities and fisheries
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by assessing the relationship between juvenile rock-
fish density and kelp abundance (Holbrook et al.
1990, Carr 1991).

We assessed the relationship between total sea
urchin density (summed across the 3 observed spe-
cies: purple urchins, green urchins Strongylocentro-
tus droebachiensis, and red urchins Mesocentrotus
franciscanus) and kelp stipe density using correla-
tion and regression analyses. As sea urchins are
major herbivores in this system, we expected nega-
tive relationships between urchin and kelp abun-
dance. For the analyses, we included 3 kelp species
and 1 combined taxon —each of the 2 major surface-
canopy kelps Macrocystis and Nereocystis, the mid-
water canopy kelp Pterygophora, and the sum of
other stipitate species which are mostly understory
species (Table S2)—at 3 scales: the region-scale
(using the mean of the 5 sites in each year), the site-
scale (average densities within a site in each year),
and the within-site-scale (average densities within a
depth-zone and site in each year). Such comparisons
at multiple scales allow us to consider the range of
relationships that can be generated at different spa-
tial scales and enable closer comparisons between
our focal communities and those in other regions. For
Tatoosh Island, the only site with substantial num-
bers of and variability in urchins, we also fit a ran-
dom-effects-within-between model (REWB, Bell et
al. 2019, Scharkow et al. 2020) to account for differ-
ing relationships between urchin density and kelp
density within and between depths, areas, and years.
Because transects were not uniquely identifiable
across years, the model focuses on depth x area x
year:

Ydaty=w+ ﬁd + |3a + By + Yl(fd,a,y - }?d,a) +
YoXd,a + Y3(Xdaty = Xday) + €daty,0

(D

where y is kelp density, x is urchin density, d is
depth, ais area, yis year, and tis transect. Models for
Nereocystis and Pterygophora were fit using the
‘Ime4' package in R (Bates et al. 2015). Macrocystis
densities were too low at Tatoosh Island to conduct a
parallel analysis of this canopy species. The differ-
enced terms (y; and vy3) represent random effects. We
exclude the y,X,,, term because X4, is used in the
calculation of both within-effects terms and its inclu-
sion results in a rank-deficient model.

Finally, we tested whether the density of kelp
stipes (from our SCUBA surveys) explained the
occurrence and abundance of juvenile rockfishes to
better understand the downstream effects of any
changes in kelp abundance on rockfish recruitment.
We fit a hurdle model (Maunder & Punt 2004, Potts &

Elith 2006) to our data because of the large number
of observed zero juvenile rockfish counts in the data
set. Hurdle models separate the analysis into 2 mod-
els: a presence/absence model and an abundance
(here mean density) model, which uses only the pos-
itive observations. Predictions from the 2 models are
then combined. Because juvenile rockfishes and kelp
density were quantified on similarly located but not
identical transects (see Text S1), we averaged both
the densities of kelps and juvenile rockfishes by site
x yearx depth x location bins (hereafter, 'strata’). For
the occurrence portion of the hurdle model, we fit the
presence/absence data with a binomial distribution
and logit-link (using the 'glmer’ package R). We con-
sidered a range of covariates as independent predic-
tors (see next paragraph) and used weights to adjust
for variation in the total volume sampled among
strata (the weight for a given stratum was the total
volume of fish transects of each stratum divided by
the maximum value for all strata). For the abundance
portion of the hurdle model, we fit complementary
models using log, (mean density) of juvenile rockfish
per stratum (positive observations only) using an
identity link and normal distribution (‘lmer' package
in R). As above, we included transect volume per
stratum as a weighting factor to account for differ-
ences in sampling effort.

We compared 4 model structures involving multi-
ple kelp covariates to test whether rockfish density
was related to kelp stipe abundance: (1) the sum of
all the stipitate kelps; (2) the sum of the surface-
canopy kelps (Macrocystis and Nereocystis) with and
without Pterygophora and ‘other’ kelp (sum of the
remaining stipitate kelps) included as separate vari-
ables, and (3) Macrocystis, Nereocystis, Pterygo-
phora, and other kelp as individual, independent
variables, including models with 1 to 4 taxa. In all
models, site and year were included as random fac-
tors to account for spatial and temporal variation in
the intensity of recruitment unrelated to kelp density.
We evaluated each array of models and selected the
best fit model using AICc (Burnham & Anderson
1998).

3. RESULTS
3.1. Sea surface temperature
The warmest recent mean monthly SST at our sites
(between 2000 and 2021) occurred in 2013 (Fig. 1d),

with warm temperatures in both July and September
(Figs. S2 & S3), before the development of the MHW
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in the boreal winter of 2013-2014 (Bond et al. 2015).
In 2013, the mean SST of the warmest month peaked
at (mean + SD) 15.1 + 1.32°C, after which SST de-
clined each year through 2017 before spiking again in
2019 to 14.9 + 1.11°C. The warm SST in 2019 aligns
with a 2019 MHW (Harvey et al. 2022). There were
also warm periods in both 2020 and 2021, but these
periods were short enough not to register as high
when averaged by month (Fig. S2). SST was warmest
at Destruction Island and coolest at Tatoosh/Neah
Bay (Fig. 1d). While 2013 and 2019 mark the highest
SSTs since 2000, temperatures were actually higher
in 1994 and 1997 (Fig. S3), approaching and exceed-
ing 16°C in these El Nino years.

Tatoosh Island and Neah Bay, as well as Cape
Alava, had very few days above 15°C from 2014-
2016 (2 and 6 d, respectively, Table S6). Cape John-
son had 6-15 d yr! above 15°C (29 d in total) from
2014-2016, while Destruction Island (the site farthest
from the coast) was the warmest with 101 d (27-39 d
yr1) above 15°C. Sites tended to be warmer in 2013
with 25 or more days above 15°C, except for Tatoosh
Island and Neah Bay, which had only 5 d above 15°C
(Table S6).

The years 2014-2016 stand out for all sites in terms
of increased MHW activity with more events and
longer event durations for all sites compared to most
other years since 1992, with the exception of 1994
and 1997 (Fig. S4, Table S6). However, many of the
MHW events during 2014-2016 (defined in terms of
anomalies) occurred in early summer or autumn
when temperatures were lower (Figs. S3 & S4), and
thus, these MHWs may have not exceeded the kelp
temperature thresholds locally. While 2013 had
fewer MHW days and events, these anomalously
warm events occurred at the warmest time of year
(Figs. S3 & S4), resulting in a warmer overall year in
terms of maximum monthly mean SST and the num-
ber of days that exceeded 15°C (Table S6).

3.2. Region-wide temporal trends

The lowest kelp surface-canopy cover in the past
20 yr occurred in 2013 and 2014, coincident with
anomalously warm SSTs in 2013 and 2014 (Fig. 1b).
Surface-canopy area for both Macrocystis and Nere-
ocystis throughout the study area dropped to 337 ha
in 2014, which was 47 % of the mean canopy area of
the previous decade prior to high SST in 2013 (mean
+ SD for 2003-2012: 720 = 116 ha). Canopy cover
along the Washington coast quickly recovered to ear-
lier levels (Fig. 1b, Fig. S5), averaging 645 + 185 ha

for 2015-2020 — or about 90 % of that of the previous
decade (2003-2012) prior to the warming in
2013-2014. For both Macrocystis and Nereocystis,
canopy area increased from 2015 through 2020, with
the annual species Nereocystis showing greater
magnitude in year-to-year variability (Figs. 1b & S5).

At the scale of our survey region, stipe density
(from SCUBA surveys) for each of the 3 major kelp
species largely followed the broad-scale patterns de-
rived from aerial imagery. Stipe density for all 3 major
kelp species increased 2- to 4-fold from 2015-2017
(Fig. 2a). Macrocystis and Nereocystis stipe density
decreased in 2018, after which Macrocystis remained
at more than twice its 2015 level. Nereocystis stipe
density dropped in 2021 to levels similar to 2015
(Figs. 2a & S6). Pterygophora continued to nominally
increase through 2019, but densities were largely
similar for 2017-2021. At our specific dive sites,
Macrocystis stipe density was high at Neah Bay and
Cape Johnson, while Nereocystis was prevalent at
Tatoosh Island, Destruction Island, and Cape Alava
(Fig. S6). There are some differences between the
canopy and stipe density data (Figs. S5 & S6), but
these are likely scale issues, as the aerial canopy sur-
vey covers a broader area than our stipe counts.

Density of all 3 urchins increased in 2017 (Figs. 2b
& S7), well after the short-lived drop in kelp abun-
dance and warm SSTs in 2013 and 2014. Purple
urchins showed the largest increases from 0.011
urchins m~? in 2015 to 1.8 m™2 in 2019, a 164-fold
increase across the 5 sites. In 2021, density dropped
to 0.72 m~2, which was still 65 times that of 2015. This
trend was largely driven by Tatoosh Island, where
the density of purple urchins increased from near
zero to 4.4 m~2 in the 5 m depth zone in 2021. In the
10 m depth zone, urchins increased to 9.5 m~2in 2019
before dropping to 2.2 m™2 in 2021 (Fig. S7). In-
creases for red and green urchins were much lower
and densities of these 2 species declined again after
2017 (Figs. 2b & S7). As we searched extensively for
small, hidden urchins in all years of the study, it is
unlikely that the low densities from early in the study
period were due to a failure to count large numbers
of hidden urchins.

We saw little evidence for recovery of sea stars fol-
lowing the declines from SSWS described by Hamil-
ton et al. (2021). Blood stars Henricia spp. and leather
stars Dermasterias imbricata were relatively common
in our surveys, but other species were not (Fig. 2c).
Leather stars decreased by about 50 % from 2015 to
2021, and we saw a total of 8 Pycnopodia, which con-
sume urchins (Moitoza & Phillips 1979, Duggins
1983), over the entire 6 years of surveys: 4 in 2016, 3
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We did not see strong temporal trends for most of
the larger fishes (>10 cm) with the exception of black
rockfish, which increased in abundance through
2019 (Figs. 2d & S8). This increase may have been
the result of strong recruitment of YTB rockfishes to
most sites in 2016 (Fig. 2e). While much less abun-
dant, other rockfish species also showed annual vari-
ation in juvenile density, but often in different years.
Canary rockfish had minor peaks in 2016, 2018, and
2021, while CQB rockfishes were more abundant in

2019 and 2021 (Fig. S9).
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Fig. 2. Time series of the focal groups coastwide from dive

surveys from 2015-2021. (a) Density of kelp stipes, (b) ur-

chin density, (c) sea star density, (d) fish abundance, and (e)

abundance of juvenile rockfishes. For sea stars see Table S4

for species included in the medium and large sea star cate-

gories. RF: rockfish; YTB: yellowtail and black rockfishes;
CQB: copper/quillback/brown rockfishes

3.3. Multivariate analyses of kelp forest
community guilds

The factors site, depth, and year, and all 2-way
interactions explained approximately a third to half
of the total variability in each of the 4 guilds (range
r? = 0.32-0.59). The composition of the kelp, inver-
tebrate, and fish guilds was largely driven by
among-site differences as shown in the first 3 ordi-
nations (CAP, Fig. 3a-f) and PERMANOVA (Fig. 4,
Tables S7-S10). For the full fish assemblage, site
explained the largest proportion of variance (r? =
0.12) but this was substantially less than the
explained variance by site for kelp (r? = 0.26) or
invertebrates (r2 = 0.41), which is evident in Fig. 3,
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Fig. 3. Results of canonical analysis of principal coordinates (CAP) of the

assemblage structure of 4 guilds: (a,b) kelps, (c,d) invertebrates, (e,f) fishes,
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urchin species are highlighted in red for clarity. RF = rockfish; YTB = yellow-
tail and black rockfishes

where there is considerably less over-
lap among sites for kelp and inverte-
brates than fish. In contrast, juvenile
rockfishes were driven by year-to-
year variation, and site was not im-
portant, suggesting a strong shared
temporal driver of juvenile rockfishes
among sites (Figs. 3g & 4).

Beyond the broad patterns in the
amount of variance explained, it is
valuable to understand the specific
causes of variation within guilds. For
kelp, sites ordinated based on the
prevalence of the mid-water canopy
species Pterygophora (on the first axis)
and also on Macrocystis and Nereo-
cystis, the 2 surface-canopy kelps,
which loaded in opposite directions on
the second axis (Fig. 3a,b). In the con-
text of our data, this result makes
sense as 3 sites are Nereocystis-domi-
nated (Tatoosh Island, Destruction
Island, and Cape Alava) while the oth-
ers are Macrocystis-dominated (Neah
Bay, Cape Johnson). The kelp guild
also showed substantial variance
explained by the depth and depth x
site interaction (r> = 0.10 and 0.12,
respectively; Fig. 4, Table S7), which
would be expected as a function of
light limitation for autotrophs (Dayton
et al. 1984). We found very little evi-
dence of shared temporal effects for
kelp (year effect, 1> = 0.02), and only
minor indication of site-specific year
effects (site x year effect, r* = 0.05),
suggesting limited effects of large-
scale environmental drivers on the
kelp community over the survey span
(2015-2021), and that differences
among sites, in terms of which algae
were present, remained consistent.

For invertebrates, virtually all of the
explained variance was in the site
term (Fig. 4), with sites showing
clear separation in the ordination
(Fig. 3c,d). Tatoosh Island clustered
separately from the other sites and
was distinguished by the abundance
of the 3 urchin species (axis 1, Fig. 3c).
The ordination also tracked increases
in urchin densities at Destruction
Island and Neah Bay from 2018, as
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these years ordinated negatively on the first axis,
which is consistent with the significant site x year
effect (p < 0.05, r* = 0.07) in the PERMANOVA
(Table S8). Leather stars, Pisaster spp., tunicates, and
sea cucumbers were prevalent at Destruction Island
and Cape Alava (positive loading on axis 2), while
brood stars were more abundant at Neah Bay and
Cape Johnson (negative loading on axis 2, notably
the 2 lowest relief sites in Fig. S1). Depth or site x
depth explained very little of the variance for inver-
tebrates (r? < 0.04 for both) and only minor year (12 =
0.03) and site x year (r? = 0.07) effects.

Variability in the fish guild was the least well
explained by site, year, and depth (Figs. 3e,f & 4).
While site explained the greatest proportion of the
variation (r? = 0.12) not in the residual term, there
was less separation among sites in the ordinations
(Fig. 3e). Neah Bay and Cape Johnson showed some
separation from the other locations, whereas Tatoosh
Island, Cape Alava, and Destruction Island all over-
lapped. Similar to the invertebrates, a minimal
amount of variance was explained by depth (r? =
0.03) or site x depth (r? = 0.05), and only slightly more
was explained by year (r? = 0.04) or site x year (r? =
0.06) (Table S9).

For juvenile rockfishes, the ordination showed little
clustering of sites (Fig. 3g,h), and most of the ex-
plained variance was in the year term in the PER-
MANOVA (r? = 0.29, Fig. 4, Table S10), with a

smaller contribution from the site x year term inter-
action (r> = 0.07). Specifically, 2016 was a year of
shared high recruitment of YTB rockfishes region-
wide (Fig. 2e) and largely drives the ordination and
associated loadings. This pattern shows that recruit-
ment was temporally variable and site difference
played a reduced role in terms of the intensity or
assemblage of arriving recruits.

3.4. Urchins and kelp

We did not see strong, negative correlations be-
tween urchins and kelp across years at the coastwide
scale that would suggest top-down pressure by
urchins on kelp throughout our study region. Neither
Macrocystis nor Nereocystis stipe densities were cor-
related with urchin density when averaged across
the sites within a year (p > 0.05 for both, Fig. 5a), and
unexpectedly, we found a positive relationship
between Pterygophora stipe density and total urchin
density (Fig. 5a, r* = 0.78, p = 0.02). Both Ptery-
gophora and total urchin density increased through
2019 but then dropped in 2021 (Fig. 2b,c).

Consideration of site- and year-specific variation
revealed an apparent, negative exponential relation-
ship between Macrocystis stipe densities and urchins
(Fig. 5b), but this relationship was driven by 1 site
(Tatoosh Island), where Macrocystis was largely
absent and urchins were abundant, and by other
sites where Macrocystis was present but urchin den-
sities were near zero (Figs. S6 & S7). Consequently, it
is hard to come to firm conclusions regarding this
relationship. Nereocystis showed no obvious rela-
tionship to urchin density across sites and years
(Fig. 5c). Overall, Pterygophora was not correlated
with urchin density, but at Tatoosh Island, urchins
and Pterygophora were positively associated across
years (r? = 0.82, p = 0.03, Fig. 5d), and thus Tatoosh
Island is largely responsible for the urchin-kelp rela-
tionship at region-scale (Fig. 5a). Other kelps did not
show correlations at site-scale across years (Fig. 5e).
However, the scale of the axes in Figs. 5b & 5d
obscures positive relationships between urchin den-
sity and both Macrocystis and Pterygophora at Neah
Bay (Fig. 5f), although the range of urchin density is
quite small.

At Tatoosh Island, where urchin densities changed
the most, the REWB models did not find evidence for
an impact of urchins on either Nereocystis or Ptery-
gophora, with the 95% confidence limit coefficients
for the fixed effects all overlapping zero, with the ex-
ception of the year term (Tables S11 & S12, Fig. S10).
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However, at the transect level (ignoring other fac-
tors), linear regression did find a negative relation-
ship between urchin density and loge.(Nereocystis
stipe density) (r? = 0.16, p = 0.002, Fig. 5g), suggest-

ing that at this small scale, urchin herbivory may
have led to patchy reductions in Nereocystis density,
although the effect appears confounded with time.
Divers did notice active grazing and loss of stipitate
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kelps, along with the remaining Pterygophora show-
ing heavy signs of grazing in many areas on Tatoosh
Island. However, Pterygophora showed no relation-
ship to urchins at the transect level (Fig. 51), unlike at
the site level, across years.

3.5. Kelp density and rockfish recruitment

The probability of occurrence of juvenile rock-
fishes was positively correlated with the stipe density
of surface-canopy kelps. The best-fit model included
summed surface-canopy stipe density as a predictor
(Fig. 6a, Table S13). The next best models (AAICc =
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Fig. 6. Relationship between kelp density and the abun-
dance of juvenile rockfishes from the hurdle model. (a)
Probability of occurrence of juvenile rockfishes in relation to
the total stipe density of the canopy kelps Macrocystis and
Nereocystis. Blue line shows the result of the binomial pres-
ence/absence model (grey envelope: SE). Black points are
the actual observations (present = 1, absent = 0). Colored
points are predicted probability of occurrence. (b) Results of
the combined presence/absence model and abundance
model. Data were summarized by site x depth x location x
year strata prior to analysis

1.39) included the sum of all kelp stipes and surface
canopy plus Pterygophora (AAICc = 1.74), which is
qualitatively similar to the best-fit model in terms of
the inclusion of most kelp. The 2 models including
Macrocystis and Nereocystis as individual predic-
tors (AAIC = 2.27) were just outside the cut-off of
AAIC = 2.0, supporting summed surface-canopy stipe
density as a predictor, at least for the presence/
absence model. The relationships were similar, with
the summed surface-canopy or individual surface-
canopy kelps all having coefficients of approximately
2.5 (Tables S13 & S14). For the random effects
(Table S14), year had higher variance (5.33 + 2.31;
mean + SD) than did site (3.25 = 1.80) for the summed
canopy model and similar amounts when Macrocys-
tis and Nereocystis were included as individual pre-
dictors (5.31 + 2.30 and 3.28 + 1.81, respectively). For
the abundance portion of the hurdle model, the
model year and site had the lowest AICc value, with
the next best model 2.17 points higher (Table S15).
Fig. 6b shows the combined hurdle model including
Macrocystis and Nereocystis for the occurrence
model and the site and year abundance model.

4. DISCUSSION

Ocean temperature, wave exposure, nutrient and
light availability, grazing, predator-prey dynamics,
and a host of anthropogenic factors produce geo-
graphic variability and changes over time in the com-
position of kelp forest communities. In the northeast
Pacific Ocean, the 2014-2016 MHW had strong
effects on kelp forests and associated invertebrate
and fish species in some regions but not in others
(Arafeh-Dalmau et al. 2019, Cavanaugh et al. 2019,
Rogers-Bennett & Catton 2019, Beas-Luna et al.
2020, Hamilton et al. 2020, McPherson et al. 2021).
We provide evidence from a relatively understudied
region—along the Washington coast—that spatial
differences among sites were consistent across time
for kelps, invertebrates, and fishes, resulting in a rel-
atively stable community structure during and fol-
lowing the 2014-2016 MHW. These findings stand in
contrast to other areas, like Northern California, that
suffered large, persistent losses in kelp canopy and
increases in sea urchin densities (Rogers-Bennett &
Catton 2019, Beas-Luna et al. 2020). However, we
also found similarities between patterns in Washing-
ton and those observed elsewhere in the northeast
Pacific during this time period. Specifically, the com-
position of the juvenile rockfish community in Wash-
ington kelp forests showed clear year-to-year varia-
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tion that was consistent with the idea that oceano-
graphic forces influence larval stages of many spe-
cies (Schroeder et al. 2019, Field et al. 2021), and that
these offshore influences can be moderated by char-
acteristics of nearshore habitats and kelp densities
in particular (Schmitt & Holbrook 1990, Carr 1991,
Markel & Shurin 2020). Filling in the gap in our
knowledge along the Washington coast provides a
more complete picture for kelp forest communities in
the eastern Pacific and California Current ecosystem
in particular and suggests paths forward for conser-
vation and management of these important habitats
and the valuable fisheries species they contain.

In our study, the assemblage structure of kelps,
invertebrates, and fishes exhibited consistent differ-
ences among sites during 2015-2021, and we did not
see a shift to urchin-dominated habitat. This pattern
is initially surprising given the strong perturbation
introduced by the 2014-2016 MHW in other regions,
which could have reverberated community-wide and
led to a cascade of recovery dynamics (Beas-Luna et
al. 2020). However, while we did observe an increase
in MHW prevalence in 2014-2016 (Table S6), the
2014-2016 MHW was not the dominant SST feature
in nearshore waters along the Washington coast.
Maximum monthly mean SST peaked in 2013 prior
to the 2014-2016 MHW, and this peak was coinci-
dent with a short-lived drop of about 50 % canopy
cover (compared to the previous decade) in 2013—
2014. Our study region is far from the range mar-
gins for Macrocystis and Nereocystis (Smale 2020),
so we might expect them to be well within their ther-
mal thresholds at our sites (Burrows et al. 2020),
resulting in somewhat ephemeral changes following
warm water in 2013 and during the MHW. In fact,
maximum SST in Washington and Oregon were
lower than in Northern California (Hamilton et al.
2020), which may explain persistence of kelp-domi-
nated habitat in Washington compared to the 90 %
loss in Northern California. At our sites, maximum
monthly mean temperature reached 15.1°C in 2013
and 14.5°C in 2014 —approximately 1.0 to 1.5°C
lower than in Northern California but comparable to
or slightly warmer than Oregon (Hamilton et al.
2020). Growth for both species appears to decline
slightly around 15°C (Zimmerman & Kremer 1984,
Camus & Buschmann 2017, Supratya et al. 2020), so
maximum SST in our study region only approached
species tolerances in 2013. Moreover, while MHW
activity was higher during 2014-2016, most of the
anomalous events occurred during early summer or
autumn and not during the summer peak in SST.
Thus, although we might have expected the commu-

nities associated with kelps—which are foundation
species (Lamy et al. 2020) —to track such SST pertur-
bations, they did not, probably due to the relatively
moderate and short-term decrease in kelp cover at
our sites.

We did not detect large-scale spatial differences
in community structure in Washington that would
suggest that sea urchins drove kelp density trends
through herbivory, supporting the primary role of
environmental drivers in determining kelp abun-
dance along the Washington coast in recent decades
(Pfister et al. 2018). Urchins were rare at most of our
sites, likely due in part to otter predation (Shelton et
al. 2018), and overall density was lower than that
associated with a shift to urchin-dominated habitat in
Northern California. Prior to 2014, purple urchin
densities in Northern California were 0.0-1.7 urchins
m~2, spiking to 8.2-12.9 urchins m=2 in 2015 and
9.2-24.1 urchins m™2 by 2018 (Rogers-Bennett &
Catton 2019). Across our sites in Washington, mean
urchin densities increased from 0.012 m~2 in 2015 to
1.8 m~? at their maximum in 2019, which is compara-
ble to the period prior to the shift to urchin-domi-
nated habitat in Northern California. Moreover, the
increase in urchin density on the Washington coast
was most evident in 2017 and peaked in 2019, well
after the 2013-2014 nadir in kelp density (during
2003-2020). The availability of drift kelp appears to
mediate a switch in foraging behavior by urchins
from passive detritivory to active herbivory (Pearse
2006, Kriegisch et al. 2019). The latter behavior may
promote a shift to urchin-dominated habitats. Here,
when urchins were abundant, there may have been
sufficient drift kelp (and potentially threat of preda-
tion by otters), to allow urchins to remain largely pas-
sive feeders.

At Tatoosh Island, there was a substantial increase
in purple urchins, with densities rising to 5-10 purple
urchins m~2 (Fig. S7). Otters have been less abundant
at Tatoosh than at Olympic Coast sites farther south
(Shelton et al. 2018), which may have allowed this
large increase in urchin abundance. At Tatoosh
Island, we did see a negative relationship between
purple urchins and Nereocystis stipe density at tran-
sect-level that does suggest patchy, local top-down
herbivory impacts. However, this effect also appears
potentially confounded by time, with the REWB
model suggesting an effect of year but providing no
evidence for an impact of urchins on Nereocystis
stipe density (coefficients were negative but SE over-
lapped zero). The persistence of kelp in the face of
this large increase in urchins may have been related
to habitat complexity, which may also cause the
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transect-level variability (Randell et al. 2022). Diver
observations at Tatoosh Island suggest that shal-
lower areas with ridges and more complex habitat
contained fewer urchins and more kelp (consistent
with the depth distribution of both taxa), while other
more bowl-like and flatter areas contained large
numbers of urchins and less Nereocystis. The steeper
and more complex habitat in the shallower areas of
the Tatoosh site (Fig. S1) may have retained drift
kelp and allowed urchins to feed as passive detriti-
vores, while less retained drift kelp in the deeper
areas may have caused a shift to active herbivory,
leading to the patchy but negative correlation be-
tween urchin density and Nereocystis stipe density
(Pearse 2006, Kriegisch et al. 2019, Randell et al.
2022). Interestingly, maximum monthly SST was
lowest at Tatoosh Island, where increases in purple
urchin density were strongest. Purple urchins do
show latitudinal variation in recruitment success re-
lated to SST in California, although previously ob-
served patterns would have predicted higher recruit-
ment with warmer water in more northern latitudes
(Okamoto et al. 2020). In southern California, go-
nadal indices for purple urchins tend to peak in Oc-
tober and November following summer feeding,
so warm waters in the fall might impact gamete pro-
duction (Basch & Tegner 2007). However, tempera-
tures in Washington did not approach 17°C, at which
gamete storage appears to be reduced (Basch & Teg-
ner 2007).

We did not see shared temporal variation in the
invertebrate assemblages (i.e. the multivariate re-
sults) in conjunction with the die-off of sea stars—
important predators within kelp forests—due to
SSWS (Burt et al. 2018). Invertebrate densities have
been low at these sites since recolonization of the
area by sea otters, and otter predation likely explains
the low density (Shelton et al. 2018) and lack of tem-
poral variation. Additionally, with the exception of
blood and leather stars, sea stars were uncommon, so
they may have exhibited little top-down pressure.
We also lack recent pre-SSWS data for these sites.
The sea star die-off began in 2013 in Southern Cali-
fornia, with the first declines evident on the Wash-
ington coast and Puget Sound in 2014 (Montecino-
Latorre et al. 2016, Hamilton et al. 2021). Species like
Pycnopodia did not fully crash until late 2017
(declined to 75 % occurrence as defined by Hamilton
et al. 2021). Thus, our surveys from 2015 and 2016
provide some information during the decline, but sea
star densities were already low at this point. We also
did not detect signs of sea star recovery from SSWS
after 2017. For example, Pycnopodia had been com-

mon at these sites in the late 1980s, reaching densi-
ties of 0.22 to 0.28 m~2 (Kvitek et al. 1988), but we saw
only 8 Pycnopodia over all surveys from 2015-2021,
declining from 4 in 2016 to zero in 2021. The lack of
any recovery of Pycnopodia and other sea star popu-
lations (as well as many of the other invertebrates)
may be due to Allee effects leading to failed repro-
duction. However, especially for Pycnopodia, disease
persistence may also be preventing the recovery of
sea star populations (Hamilton et al. 2021).

In nearby Puget Sound, where Nereocystis is the
sole canopy-forming kelp, the effects of the MHW on
kelp are somewhat hard to assess. Waters from the
2014-2016 MHW did penetrate Puget Sound, lead-
ing to a 2.3°C increase in water temperatures (Khan-
gaonkar et al. 2021). However, in the eastern Strait
of St. Juan de Fuca, Nereocystis declined from
2007 onwards and did not show obvious MHW
impacts, such as an abrupt change in canopy cover
(Pfister et al. 2018). In South Puget Sound, there have
been long-term declines (Berry et al. 2021), but
Nereocystis cover was lower in 2017 and 2018 than
in 2013 (Berry et al. 2019). Purple and green urchins
increased in various basins within Puget Sound,
potentially due to a lack of top-down control by pred-
ators as the predatory sea stars Pisaster brevispinnus
and Pycnopodia both began to decline in 2014 (Mon-
tecino-Latorre et al. 2016). Pycnopodia was highly
abundant in Puget Sound and the Salish Sea in gen-
eral prior to SSWS (Montecino-Latorre et al. 2016),
and may be the only major urchin predator in the
area (Duggins 1983, Schultz et al. 2016); sea otters
are not present in Puget Sound (Gregr et al. 2020).

The lack of strong temporal variation in the assem-
blage structure of the analyzed fish community cor-
responds well with the long life spans of many of the
species and the relatively moderate, and short-term,
impact of ocean warming on kelps in Washington. It
does stand in contrast to other regions, such as Baja
California, where persistent and pervasive loss of
Macrocystis and exceptionally warm SSTs led to the
disappearance of as many as half of the kelp-associ-
ated fish and invertebrate species and an increase in
the abundance of warmer-water species (Arafeh-
Dalmau et al. 2019). While the full fish community at
our study sites in Washington was relatively stable
temporally, we found that most of the variation in the
assemblage structure of juvenile rockfishes was tem-
poral. Interestingly, the 2016 pulse in our SCUBA
surveys coincided with high abundance of winter-
spawned pelagic rockfish juveniles observed by
Field et al. (2021) in the northernmost portion of their
survey in 2016 (Figs. 4 & 8 in Field et al. 2021) indica-
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ting the importance of large-scale oceanic processes,
especially source water (Schroeder et al. 2019). Addi-
tionally, the abundance of larger (>10 cm) black
rockfish increased from 2016 to 2019 following high
recruitment of YTB rockfishes in 2016. Von Berta-
lanify growth curves (Wallace et al. 1999) indicate
age-1 males and females would be 24 and 18.4 cm,
respectively (thus larger than our 10 cm cut off), sug-
gesting that our SCUBA surveys may act as a leading
indicator of changes in population size for this re-
creationally and commercially important species, al-
though a longer time series is certainly necessary to
be more confident in this conclusion.

While interannual variability explained most of the
changes in the species composition of juvenile rock-
fishes associated with Washington kelp forests, the
occurrence of juvenile rockfish, regardless of spe-
cies, was positively associated with kelp densities. In
our analyses (Fig. 6, Tables S13-S15), juvenile rock-
fish presence exhibited a positive correlation with
the abundance of canopy kelps (no matter which
combination of kelps we considered), reinforcing the
role of kelp forests as critical or essential fish habitat
(NMFS 2014, PEMC 2020). In other regions, there are
also strong relationships between juvenile rockfish
and aquatic vegetation (Holbrook et al. 1990, Carr
1991, Markel & Shurin 2020). The vertical structure
and canopy of kelps can be especially important for
recruitment of larvae into nearshore areas, where it
serves as shelter from predators and provides ample
opportunities for foraging for prey species during a
critical life stage (Carr 1991, Andrews & Anderson
2004).

Overall, this study adds insights from a relatively
understudied region to a growing body of informa-
tion about kelp forest communities in the northeast-
ern Pacific. We suggest that in Washington, the
combination of lower thermal stress, lower magni-
tude kelp canopy declines, and lower total urchin
densities may have precluded a transition to urchin
barrens as in Northern California. Trophic dynamics
involving the almost complete extirpation of sea
stars due to SSWS may have been offset by redun-
dancy of other important consumers, such as sea
otters (Shelton et al. 2018), and affected the patterns
we observed relative to those seen in other regions
(Eurich et al. 2014, Beas-Luna et al. 2020, Gregr et
al. 2020). Consequently, our analyses point toward
the importance of spatial variation in structuring the
responses of kelp forest communities to disturbance,
across a range of spatial scales. From a habitat con-
servation perspective, this insight leads to consider-
ation of spatial portfolio effects (Schindler et al.

2015, Thorson et al. 2018) for kelp forests, in which
different locations are characterized by a diversity
of community types, each of which can afford resili-
ence to different types of stressors (McNaughton
1977, Carpenter et al. 2009). This finding is consis-
tent with recent work suggesting that kelps them-
selves benefit from spatial portfolio diversification
in the face of wave exposure-induced disturbance-
recovery dynamics (Walter et al. 2022). From a fish-
eries management perspective, protection of a spa-
tial portfolio of kelp forest locations may ensure the
preservation of essential fish habitat for critical life
stages of managed species (Castorani et al. 2015).
For instance, increasing the probability that kelp
densities remain high at multiple locations may
enhance the probability of juvenile rockfishes join-
ing these nearshore communities in years when off-
shore oceanographic conditions are favorable for
larvae. In order to maintain sustainable fisheries,
then, what is essential is not to pick and choose a
small subset of kelp forests for protection, but rather
to protect a diversity of kelp forests, each of which
harbors habitats that can exhibit unique responses
to ecological surprises yet to come.
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