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Abstract

Kelp forests have deteriorated globally due to anthropogenic stressors. There is an urgent need to extend baselines, to under-
stand the processes that underlie the persistence and recovery of kelp forests, and to distinguish the normal range of ecosystem
variability from more extreme changes. Using a mixed-method, historical ecology approach, we integrate archival data, oral
histories, and contemporary ecological data to examine the dynamics of kelp forests over a multi-decadal to multi-century
time-period in central California. We focus on sea otters, sunflower seastars, sea urchins, kelp cover, kelp species dynamics,
and climate. From 1826 to 2020, kelp was highly variable. There were seven periods of low kelp cover and two periods of
exceptionally low kelp cover (1897-1899; 2014-2016) following EI Nifio-Southern Oscillations (ENSOs). Exceptionally
low kelp cover did not occur when two predators—seastars and sea otters—were both present. In all cases, kelp recovered
following times of extremely low cover, with a lag, which was extended by the duration of warm water anomalies (ENSO
Recovery Lag). Kelp remained low for approximately 2 years following 80% of ENSOs. The greatest kelp decline (12-fold)
was in Santa Cruz (northern Monterey Bay). Herbivore populations (sea urchins) were highly variable over the past century
and exhibited short- and long-term changes in abundance. Sunflower seastars were present in low, stable abundances prior
to seastar wasting disease (1938-2013, mean density =0.02/m?) when they declined by 97.5%. Insights from this reconstruc-
tion indicate that kelp recovery following extended warm water anomalies exhibits a lag and occurs over multiple years.

Keywords Ecological baseline - Historical ecology - Pycnopodia - Sea otter - Sea urchin - Trophic cascade

Introduction

Global habitat loss threatens the persistence and functioning
of terrestrial, freshwater, and marine ecosystems (e.g., biodi-
versity loss, species range shifts, altered productivity) (Lotze
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et al. 2006). Kelp forests, which are marine biodiversity and
productivity hotspots, are particularly vulnerable habitats
along many of the world’s temperate rocky coasts (Schiel
and Foster 2015). Kelp forests provide shelter and food (liv-
ing and detrital kelp) for a great many species, and alter
biophysical properties of coastlines (Steneck et al. 2002).
While kelp beds and/or canopy cover may be ephemeral and
quickly eliminated, they are often capable of rapid recovery
(Krumbhansl et al. 2016). However, the persistence of these
habitats is influenced by a variety of interacting stressors
including nutrient enrichment, increasing CO,, high wave
exposure, and temperature (Strain et al. 2014).

Long-term perspectives are important for illuminating
ecological change, outlining possible future scenarios, and
informing conservation measures. Importantly, long-term
estimates of environmental change benefit from using a
diversity of sources. Diverse knowledge systems have been
important for understanding many aspects of historical
environmental change that have not been well documented
by western science (Thurstan et al. 2015) including popula-
tion declines (Lee et al. 2018), extinctions (Carlton 2023),
fisheries dynamics (Selgrath et al. 2018), the extent—and
loss—of critical habitats (McClenachan et al. 2017; Costa
et al. 2020), the provision of ecosystem services (Tom-
scha and Gergel 2014), and setting baselines for restoration
(Thurstan et al. 2015). Documenting deeper, more accu-
rate baselines is vital because inaccurate baselines can lead
to misguided management (Pauly et al. 1998). Yet due to
the absence of historical research, new baselines are fre-
quently set long after humans altered ecosystems by having
removed habitats, or altered the densities, demographics,
size structures, or interactions of species (McClenachan
et al. 2015).

Integrating diverse types of data, and diverse perspec-
tives, have the potential to deepen knowledge of ecosys-
tems, particularly when the use of such datasets follows
best practices and addresses the limitations of sources
(Carlton 1994; Neis et al. 1999; Selgrath and Gergel
2019). Approaches for analyzing and integrating informa-
tive sources such as Indigenous and Local Knowledge
(ILK), navigational charts, journals, newspaper articles,
and photographs are well established in fields such as his-
tory and anthropology (McClenachan et al. 2015). Such
data sources can be synthesized and converted into relative
abundances (Lotze et al. 2006) through triangulation (i.e.,
cross-referencing among data sources) (Jick 1979), and
derived from strong inference (Platt 1964). The value of
employing and combining both qualitative and quantitative
data to inform historical ecology has been well-addressed
(for example, Ferretti et al. 2015; Santana-Cordero and
Szabo 2019). Formal evaluations of such methods have
found them to be reliable and replicable, particularly when
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biases or limitations are identified and accounted for (Al-
Abdulrazzak et al. 2012; Selgrath et al. 2016; Mason et al.
2019).

Maps and charts represent one type of historical data
source which can contain information about the past distri-
bution of critical habitats and species. Historical map data
represent presence-only data (Costa et al. 2020) and can be
influenced by a variety of factors including scale and the car-
tographer’s interpretation of survey field notes. One example
is the documentation of the spatial extent of the canopy of
kelp forests. From an ecological perspective, kelp canopy
cover (as depicted in both historical and contemporary
maps) can be a variable proxy for kelp density (e.g., for the
abundance of all laminarian kelps). Kelp cover is a widely
recognized method to estimate and track kelp abundance
in contemporary analysis (e.g., satellite maps) (Foster and
Schiel 1988; Bell et al. 2020; Arafeh-Dalmau et al. 2021),
and is considered to be an Essential Ocean Variable by The
Global Ocean Observing System (Satterthwaite et al. 2021).

Widespread evidence indicates that high levels of grazing
pressure from herbivores can catalyze the loss of primary
producers, such as kelp (Miller et al. 2022). Recent analyses,
however, report evidence for a complex interaction of stress-
ors (Strain et al. 2014). Kelp forests have long been consid-
ered to be dominated by top-down control by herbivores
(e.g., the top-down sea otter-urchin-kelp trophic cascade
(first described in Estes and Palmisano 1974)). However,
regional differences in the strength of single-species interac-
tions, sea surface temperature, and upwelling can influence
the importance of these dynamics (Foster and Schiel 2010;
Hauri et al. 2013; Wing et al. 2022; Shelton et al. 2018). In
the eastern Pacific Ocean, for example, regional differences
lead to a latitudinal gradient in species diversity (Steneck
et al. 2002). Contemporary kelp ecosystems may also be
impacted by water quality (Shears et al. 2008), and climate-
related factors such as sea surface temperature (SST), El
Nifio-Southern Oscillation (ENSO) events, and marine heat
waves (MHWSs) (Wernberg et al. 2016). Despite consider-
able research, the relative importance of top-down control,
herbivory, and physical drivers remains contested.

Following the widespread and widely concerning
declines of kelp forests along the Pacific coast of North
America (Rogers-Bennett and Catton 2019; Arafeh-Dal-
mau et al. 2023), we sought insights into kelp decline
by filling in the existing approximately 200-year gap
between Indigenous and archeological records (Jones
et al. 2011), and contemporary ecological surveys. The
documented decline of kelp in Monterey Bay, CA, was
surprising in part because the iconic ecological paradigm
of the trophic cascade between predatory sea otters, their
herbivorous urchin prey, and the urchins’ kelp resources
predicts that sea otters in central California would buffer
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kelp forests from heavy grazing by herbivores (McLean
1962; Estes and Palmisano 1974; Nicholson et al. 2024).
We re-examine kelp forest dynamics in the context of
this paradigm through analysis of a novel multi-decadal
to multi-century data set (Figure S1, Table S1). We focus
on species with known or hypothesized interactions, and
expand on the sea otter-urchin-kelp cascade to include
predatory sunflower seastars (Pycnopodia helianthoides).
We ask four questions: (1) how has the abundance of four
strongly-interacting kelp forest species changed over time;
(2) how has kelp abundance been impacted by multiple
stressors; (3) how has the relative abundance of canopy-
forming kelp species changed over time; and (4) how do
trends translate into broad periods of social-ecological
change?

Methods
Study area

Our research focused on kelp forest ecosystems in cen-
tral California, USA (here, Afio Nuevo (37°07'35.4"N,
122°19'35.4"W) in the north to Big Sur (36°06'16.2"N,
121°37'19.8"W) in the south (Fig. 1). This temperate,
upwelling-driven ecosystem is characterized by high biodi-
versity. The social-ecological history of central California
has been documented for over 200 years by historical and
contemporary sources due to the region’s history of Tribal
nations, exploration, European colonization, maritime trade,
and Western science (Ogden 1941; Osio et al. 1996; Micheli
et al. 2020; Vileisis 2020). We divided central California

Fig.1 Study area, examples
of historic charts documenting
kelp beds, and kelp abundance
in central California. (a) Loca-
tion of study area in central
California on a world map

(Wikipedia). (b) Central Cali-
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into three regions, north to south: Santa Cruz, Monterey
Peninsula, and Big Sur.

Data sources

To identify historical baselines and longitudinal dynamics
of kelp forest ecosystems, we assembled a multi-decadal to
multi-century dataset which integrated historical and con-
temporary information focused on central California largely
from the early-1800s onward (Figs. S1-S4; Table S1). We
evaluate trends in the relative abundance of sea otters
(Enhydra lutris nereis; hereafter “otters”), predatory sun-
flower seastars (Pycnopodia helianthoides), herbivorous
purple urchins (Strongylocentrotus purpuratus, hereafter
“urchins”), and two species of canopy forming kelp (giant
kelp Macrocystis pyrifera and bull kelp Nereocystis luet-
keana; hereafter “kelp”). We did not include red urchins
(Mesocentrotus franciscanus) in formal analyses over histor-
ical time periods because there was insufficient information
about their abundances over a multi-decadal period. Instead,
we qualitatively discuss changes in their abundances.

Santa Cruz

Monterey Peninsula

Qualitative and quantitative data sources include narra-
tive accounts (1602 onward), archival maps (1852—-1934),
48 oral histories (1939-2020), ENSO reconstructions
(1820-2020), kelp harvest records (1931-1999), and ecolog-
ical surveys (1985-2020) (Figs. 2, S1-S4; Tables S1-S8).
We use archeological records and Indigenous knowledge as
reference where available, but focus on integrating sources
onward from the exploration and colonization of California
by Europeans.

Archival documents

Diverse historical accounts provide early narrative descrip-
tions of the social-ecological system of central California
(Fig. S3). We searched collections that focused on west coast
history for accounts of early explorers, traders, and religions
figures who were active in central California (Table S2).
Next, we searched early natural history and scientific books,
field notes, newspaper articles, historical art, and reports
that provided accounts of natural history and environmental
conditions. Since historical documents are not indexed for
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generalized additive models. Ribbons are 95% confidence intervals of
predicted lines. Grey triangles indicate years with qualitative, pres-
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ecological terms, historical sources were identified using
the expert knowledge of librarians at Stanford University’s
Hopkins Marine Station (Pacific Grove, CA) and authors (JP,
JTC, TT), and were supplemented with searches for histori-
cal literature referencing the three regions and four focal spe-
cies (Fig. S1. Sources and data are listed in Tables S1-S7).
We reviewed identified documents to assess if they con-
tained descriptions of natural history.

We considered four types of abundance values: (1) pres-
ence only; (2) relative abundance; (3) quantitative abun-
dance; and for kelp, (4) percent cover (methods described in
the Kelp Map sections below) (Table S7). First, when quali-
tative descriptions of species’ existence could not be trans-
lated to relative abundances, we considered these records
to represent presence-only data. We used presence-only
data to triangulate against other data sources and used the
information in qualitative assessments of change. Second,
we developed a standardized rubric for translating qualita-
tive descriptions of abundance to relative abundance values
(scale 0-5) (Table S3 and R Code on Github). Third, for
quantitative abundance records (e.g., ecological transects,
published data), we assigned densities to relative abundances
(range 0-5) based on the mean and standard error values for
all records of that species (Table S4). When data were only
available in graphs, we estimated the density values from
the figures. We considered relative abundances derived from
both qualitative and quantitative sources to be consistent
within species, but not comparable across species.

El Nino-Southern Oscillations and marine heat waves

To assess long-term ENSO and MHW patterns, we used
historical ENSO time series (1770-1983) and continued
the historical series with contemporary MEI (multivariate
ENSO index) estimates (1984-2020) and MHW records
(Table S7) (Quinn et al. 1987; Gergis and Fowler 2009;
NOAA 2020). We considered that a year was influenced
by an ENSO when the year had a MEI 2.0 value > 1.5, or
when the ENSO was classified as Medium + or greater by
historical analyses (Quinn et al. 1987; Gergis and Fowler
2009; NOAA 2020).

Sea surface temperature records

To assess changes in SST, we used daily sea surface tem-
perature measured at Hopkins Marine Station since 1919
(Breaker and Miller 2023).

Kelp maps

Kelp maps: archival sources We used a total of seven archival

maps (five nautical charts and two kelp surveys), which we
considered to represent presence-only data (Costa et al. 2020).

Nautical charts which documented kelp were surveyed from
1856 to 1934 (Fig. 1; Table S6). The US Department of Agri-
culture conducted two surveys of kelp (1911, 1912), which
included maps with species-level resolution (Table S6). For
all archival maps, we documented the map name, number,
scale, year of the last survey, survey date (where available),
and first year of publishing (Table S6). For charts published in
multiple years, we only considered the first edition.

To extract kelp data from archival maps, we first photo-
graphed paper maps and downloaded maps that had been
previously scanned by libraries and NOAA. Second, we
georectified digital maps using satellite images and control
points from stable features (e.g., rock outcrops) to reduce
root-mean-square error (ArcGIS 10.7.1) (Costa et al. 2020).
Third, we demarcated kelp areas using on-screen digitiza-
tion. We traced the edges of the kelp symbology to create
polygons depicting the area of kelp beds (Fig. 1d; Fig. S2).
Where species information was available, we assigned kelp
bed polygons to one of three groups: giant kelp (Macrocys-
tis); bull kelp (Nereocystis); or mixed beds (similar amounts
of Macrocystis and Nereocystis).

Kelp maps: contemporary sources The contemporary spa-
tial extent of canopy forming kelp was documented by the
California Department of Fish and Game (now California
Department of Fish and Wildlife, CDFW) during a series
of aerial kelp surveys (1989-2016), available as shapefiles
(Table S6; Movie S1). When both canopy and subsurface
canopy data were available in later years (2008-2016),
we restricted maps to canopy to improve data consistency
through time (R. F. Miller, CDFW, pers. comm., 2020).
We attempted to find earlier aerial photos taken by CDFW
(e.g., 1972-1977), but the agency no longer maintained
these records (R. F. Miller, CDFW, pers. comm., 2020). We
documented methods and survey months when such data
were available in shapefile metadata (Table S5).

Kelp maps: estimates of error To assess the locational accu-
racy of the archival maps, we set a reliability criterion that
considered the local depth in which kelp was located. We
used a depth threshold of 40 m to account for known depth
ranges, kelp movement with currents and tides, residual
processing errors, and cartographic variability (e.g., line
thickness) (Costa et al. 2020). We overlaid the polygons on
a 10-m resolution bathymetry map of California. We classi-
fied map reliability based on the percentage of kelp that was
mapped in shallow (<40 m) vs deep (>40 m) areas (four
classes: very high (>99% of kelp mapped in shallow areas),
high (>80%), medium (> 60% mapped in shallow areas),
and low (>40% mapped in shallow areas)).

Kelp maps: estimates of kelp cover To account for the
fact that different extents were mapped across years, we
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restricted our analysis of kelp canopy cover to areas where
kelp canopy was documented by archival maps for a mini-
mum of 3 years (Fig. 1).

We calculated kelp area as the total area where kelp-forming
canopy was documented in 1 year (f) in the spatial extent
covered by the mapped area (m) in each region (r):

(i) Kelp area,,,=Total area of canopy forming kelp in time
() in mapped area (m) in each region (7).

To standardize estimates of kelp area, we next identified
the maximum area of kelp canopy that was ever mapped in
any year (¢; —¢;) using any method for each region (r):

(ii) Maximum area ¢; —¢; ,=Maximum area of kelp
mapped across all years (¢, —¢,) in each region (r).

Finally, for each map, we calculated proportion of maxi-
mum area in time (¢) as the kelp area in time (¢) divided by
the maximum area of kelp canopy that was ever mapped in
aregion (r):

(iii) Proportion of maximum area,= Kelp area,,,, / Maxi-

mum area t; —t;.

tmr

We used the proportion of maximum area as the stand-
ardized measure of kelp cover in all quantitative analyses.
Additionally, we calculated a second standardized kelp
cover metric as the maximum extent where kelp occurred
in any year (maximum extent) within the mapped area (m).
This yielded similar trends, and we thus proceeded with the
method described above.

Oral histories

To document changes in coastal marine species and condi-
tions of the coastal ecosystem, we conducted semi-struc-
tured oral history interviews (n =48 respondents). We used
snowball sampling to select respondents who had first-hand
experience with the marine biota and ocean conditions of
the central Californian coast. Initial respondents were iden-
tified through personal networks of the authors (JP, JC,
JTC, TT, and FM) who had worked in central California
for decades. We included individuals who fell into two cat-
egories of ocean-knowledge: people who had worked in the
region for (a) a long-term period (e.g., scientists, histori-
ans based in the region) or (b) a finite period (e.g., former
ocean-focused graduate students). We obtained informed
consent from all participants. Although several respondents
had not lived in central California for many years, the ocean
in the region made a strong impression on their memories.
Most respondents (54%) resided along the central California
coast for less than 10 years (duration: range = 3-54 years;
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median =8 years), placing their memories within discrete
date ranges.

We conducted interviews both in person and virtu-
ally through Zoom (stanford.zoom.us). We also received
written survey responses from six individuals. Interview
and survey data (hereafter “oral history data”) were tran-
scribed and respondents were provided the opportunity
to make corrections. Final data were thematically coded
using grounded theory. We used NVivo and documented
the presence, abundance, and location of species, includ-
ing observations of changes over time (Table S8). Oral
history data also included distribution information regard-
ing both species of canopy forming kelp, Macrocystis and
Nereocystis. Species density estimates from oral histories
were typically qualitative (e.g., “a lot”; “hardly any”).
Following the methods for historical data (see above), we
standardized responses by assigning specific descriptions
to different abundance levels (range 0-5) (Table S3). For
kelp records, we weighted observations from three kelp
experts higher than other respondents, which allowed us
to capture their specific experiences with ENSO dynam-
ics that were not mentioned by other respondents. Abun-
dance levels were relative to each species. All interviews
were reviewed for accuracy by JP and JCS.

Contemporary ecological data

We compiled contemporary ecological data (sea otters, purple
urchins, sunflower seastars, kelp cover, kelp species) from sev-
eral sources: USGS otter surveys (1985-2019), unpublished
field data (2002, F.M.), published field data (various), PISCO
database (1999-2020), ReefCheck database (2006-2019),
CDFW kelp harvest data (1916-2001), and CDFW aerial kelp
surveys (2003-2016) (sample sizes in Table S1, references in
Table S6, Table S7). To facilitate data comparison, we con-
verted density data (e.g., purple urchins per m?) to relative
abundance values (range 0-5). For kelp maps, we used equal
intervals to set relative abundances. For contemporary data-
sets, we set relative abundances based on the mean and stand-
ard deviation of survey values for each species considered
(Table S4). We then integrated data from archival sources,
oral histories, and contemporary ecological surveys.

Kelp harvest data

To provide a complementary source of relative kelp abun-
dance, we obtained CDFW records of kelp harvest for the
state (1931-2001) (Table S7). Although long-term trends
in these data may be influenced by harvest effort rather
than state-wide kelp abundance, we used these data to look
for short-term changes in harvest following ENSO events,
which we infer were influenced by ENSO conditions.
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Analyses

Q1. How has the abundance of four strongly interacting
kelp forest species changed over time?

First, we assessed broad-scale trends for each organism
using generalized additive models (GAMs). We standard-
ized estimates of sea otter density by converting estimates
to the number of otters per km? of habitat based on a 30-m
depth range (Laidre et al. 2001). Second, we integrated these
quantitative models with qualitative data and used strong
inference (Platt 1964) and triangulation (Jick 1979; Rhem-
tulla and Mladenoff 2007) to assess periods of change across
the entire time period. Since GAM analyses were restricted
to years with relative abundance data and/or contemporary
ecological data, this integration enabled us to obtain holistic
trend information for the four focal organisms. GAMs allow
for non-linear relationships between the response variable
and explanatory variables (Zuur et al. 2010). We analyzed
trends separately for each region (Santa Cruz, Monterey
Peninsula, Big Sur) due to significant interactions among
Regions (region interaction p-value <0.05 for all models)
and built GAMs with a quasibinomial distribution. We
removed one outlier based on visual inspection of the data.
For all species, we compared models with and without cor-
relation structures (Zuur et al. 2010). We found that models
without correlation structures performed equal or better to
models with correlation structures, and did not include cor-
relation structures in our final GAM models.

Q2. How has kelp abundance been impacted by multiple
stressors?

Q2. Method 1: Maximizing mapped years (1856-2016) To
assess change in kelp cover over a 160-year period, we used
mapped kelp canopy data to model how kelp cover has
changed over time (1856-2016). We used a reduced set of
variables due to the relatively shorter time series of several
datasets, and the fact that historical map years were not the
same as ENSO years. Thus, we examined how kelp cover
corresponded to year, sea otter presence, and region. With
these variables, we used generalized least square models
(GLS) which allow for unequal data spacing through time
and uses variance co-variates to model different variances
among factors (Zuur et al. 2010). We modeled temporal
autocorrelation using the auto-regressive moving average
autocorrelation structure (corARMA) and heterogeneity of
variances to account for the gradual return of sea otters. We
first modeled the variance structure and then built a back-
ward stepping model. We identified the best fit model using
AICc values. We conducted all analyses in R 4.2.2 (R Core
Team 2022) using packages tidyverse, dplyr, nlme, modelr,
MuMIn, mgcv, tidymv, and mgcViz.

Q2. Method 2: Maximizing variables (1934-2020) Since
more datasets were available during the twentieth cen-
tury, we modeled how the relative abundance of kelp
(1934-2020) corresponded to changes in the relative
abundance of sea otters, sunflower seastars, urchins, as
well as ENSOs, MHW, and mean annual SST. We focused
on the Monterey Peninsula region which had the longest
and most complete data. We combined sunflower seastar
and sea otter data into a factor representing the ecologi-
cally significant predators present in the system. Meas-
ures of urchin and sunflower seastar abundance had small
gaps. We thus interpolated the values for up to 6 years for
sunflower seastars and up to 3 years for urchins. We used
a longer period for sunflower seastars due to their long-
term population stability, prior to the wasting disease (see
“Results” section below). We considered the presence of
ENSOs and MHW (1), and propose a new indicator—
ENSO Recovery Lag (2):

(1) ENSO Presence in a year (Binary)

ENSO/MHW Absent : ENSOPresence =0
ENSO/MHW Present : ENSOPresence = 1

(2) ENSO Recovery Lag (ERL): a measure of the lag effect
that multi-year or clustered ENSO and/or MHW events
have on ecosystem recovery. Here we define multi-year
events as multiple back-to-back or clustered years of
ENSOs and/or MWH. We define clustered events as
ENSO or MHW with short return-periods.

(a) First year (y) of a new ENSO/MHW event resets the
ERL value

If ENSOPresence = 1 and ERL,_| > 1,
ERL, =0

(b) Consecutive years of ENSO and/or MHW

If ENSOPresence = 1 and ERLy_1 <0,
ERLy = ERL, | — 1

(c) Years (y) with no ENSO/MHW
ERL,=ERL,—1+1

Take, for example, a 2-year, back-to-back ENSO which
started after a decade with no ENSOs so that ERL, > 0.In
the first year of the ENSO, ERL;=0. In the second year of
the ENSO, ERL,= —1. Each year after the ENSO ended
would increase the value by one: ERL; =0, ERL,=1, etc.

With these variables, we used GLS models (described
above) and modeled temporal autocorrelation using
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corARMA and heterogeneity of variances based on the kelp
data source.

Q2. Method 3: Mixed methods (1850-2020) Finally, we
qualitatively integrated the results from the quantitative
models above with other data sources of kelp abundance
(e.g., oral histories, narrative accounts) using triangulation
and strong inference.

Q3. How has the relative abundance of canopy-forming
kelp species changed over time?

We evaluated shifts in the abundance and spatial distribu-
tion of the two canopy forming kelp species. We focused our
analysis of changes in kelp species in the Monterey Penin-
sula region because this region had the longest record docu-
menting species-specific information. For species assess-
ments, we quantified trends in two sub-regions: Monterey
Bay (Monterey, Pacific Grove) and Outer Monterey Penin-
sula (Carmel, Asilomar) due to the different oceanographic
conditions between the sites (Ricketts et al. 1985).

Q4. How do trends translate into broad periods
of social-ecological change?

Finally, we synthesized the social-ecological trends that we
observed to see how the timing of changes in central Cali-
fornia aligned with cultural periods that for regions of North
America and Europe have characterized stages of cultural
and market development (see Lotze et al. 2006). We inte-
grated information from all data sources considering trends
in human society, environmental conditions, and the abun-
dance of key species.

Results

Q1. How has the abundance of four strongly
interacting kelp forest species changed over time?

Sea otters

Overall, sea otters declined following extensive hunting,
returned to the Monterey Peninsula (1955-1965), and to
Santa Cruz in the late-1970s. For thousands of years during
the Hunter-Gatherer cultural period, sea otters were hunted
by Ohlone and Esselen Tribal Nations (Fig. S4). The low
level of urchins in middens suggests that during this period,
kelp forests in central California were stable (Fig. S4). Due
to the maritime fur trade (1785-1911), otters were effec-
tively extirpated in all of California, except Big Sur by the
1820s (Table S5). Over 100 years later (1938), California
otters were rediscovered in Big Sur and began expanding
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their range (Table S5). Otters returned to the Santa Cruz
region in the late 1970s, and populations have subsequently
stopped expanding northward (Fig. 2a; GAM population
smoother for year: R?=0.98, p-value <0.001). Densities of
contemporary otter populations (1985-2019) in the study
regions ranged from 0.33 (+0.02 SEM) otters per km? in
Santa Cruz (1985) to 18.46 (+0.86 SEM) otters per km? in
the Monterey Peninsula (2017) (Fig. 2).

In the Monterey Peninsula, sea otters appeared on the
outer coast in 1955, developed resident populations in 1959,
and moved into Monterey Bay in 1965 (Fig. 2b). Otter
densities increased from the late 1950s to the mid-1970s
(Fig. 2b; GAM smoother for year: R?>=0.92, p-value <0.001;
Table S3), and densities remained relatively high from the
mid-1980s-2013. During this period, otters in Monterey
were at nearly three times their estimated carrying capacity
for rocky habitat (estimated carrying capacity = 3.84 otters/
km? (Laidre et al. 2001); mean density (1985-2013)=10.8
(+0.02 SEM) otters/km?). Monterey otter populations
increased from 2014 to 2019 (Fig. 2b).

Sea otter abundances in Big Sur increased in the late
1930s and early 1940s (Fig. 2c; GAM population smoother
for year: R?=0.87, p-value < 0.001), declined over the next
four decades, and then stabilized (Fig. 2c). Since 2013, otter
populations in Big Sur have increased slightly.

Sunflower seastars

We found that sunflower seastars were discontinuously dis-
tributed, but common (1938-2013; Fig. 2d-f; mean den-
sity pre-Seastar Wasting Disease (SSWD) =0.02 (+0.001
SEM) sunflower seastars/m?), and declined 97.5% fol-
lowing SSWD. Sunflower seastars were first documented
in California in 1862 and mentioned in Monterey in 1892
(Table S5). SSWD was first reported in Monterey in late
2013 when sunflower seastars declined dramatically (mean
density post-SSWD =0.0005/m? (+0.0001 SEM)). This
decline in sunflower seastars was apparent in all regions:
Santa Cruz (GAM population smoother for year: R>=0.73,
p-value=0.05); Monterey (GAM population smoother for
year: R2=0.50, p-value < 0.001); and Big Sur (GAM popula-
tion smoother for year: R?=0.71, p-value=0.01).

Urchins

Our analyses indicate that purple urchin abundances exhib-
ited large population swings, but were frequently high dur-
ing the period when otters were absent or rare and sunflower
seastars were present (1920—1965). Urchins were primarily
low between the return of otters and the outbreak of SSWD
(Fig. 2g—i). Sea urchin species of central California were first
formally described by western science in 1857 (purple sea
urchin) and 1863 (red sea urchin), decades after the collapse
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of otter populations. Purple urchins in Santa Cruz declined
through time following the return of otters (Fig. 1g) (GAM
population smoother for year: R*=0.25, p-value =0.05),
although the urchin data in Santa Cruz covers a relatively
short period (1975-2015).

In the 1920s, purple urchins were widely abundant in
Monterey (Fig. 2h). This decade was followed by a decline
from the mid-1930s through 1946, suggesting limited
recruitment (Table S5). Purple urchin densities spiked the
following year (1947), likely because of a recruitment pulse
in previous years. In Monterey, purple urchins remained
abundant until otters returned in the mid-1960s (GAM popu-
lation smoother for year: R?=0.62, p-value <0.001). Purple
urchins in Big Sur followed similar patterns to those in the
Monterey Peninsula (GAM population smoother for year:
R*=0.76, p-value < 0.001).

Following the re-establishment of sea otters in central
California, purple urchins were stable at low abundances
for multiple decades (Fig. 1g—i). Following the re-estab-
lishment of otters in Monterey, for example, purple urchins
declined over a 20-year period (1965-1985). For the next
20 years (1985-2007), urchins remained at low abundances
(e.g., 0.001/m?). During this time, purple urchins sporadi-
cally exhibited recruitment pulses, but these did not lead
to persistent population increases (Table S5). Sea otter pre-
dation, however, has not guaranteed that purple urchins
remain rare. Otters in Monterey in 2020 were at their high-
est abundance in at least 180 years (Fig. 2b). Yet, oral his-
tory respondents reported high recruitment and survival of
juvenile purple urchins in the Monterey region as early as
2008-2010 (Fig. 2g—1). By 2020, purple urchins had spiked
to pre-otter abundances.

Red urchins were documented less frequently than pur-
ple urchins, possibly due to the mean abundance of red
urchins being 16-fold lower than purple urchins through
time (mean purple urchin density: 2.6 (+7.9) urchins per
m?; mean red urchin density: 0.16 (+0.59) urchins per
m?) (Fig. S5). Narrative records support that red urchins
were less common than purple urchins during many peri-
ods (Table S5). Like purple urchins, red urchins sporadi-
cally exhibited short recruitment pulses that did not persist
through time. Additionally, this species was regulated by
physical disturbance such as storms (Cowen et al. 1982),
predators (Pearse and Hines 1987), and disease (Pearse
and Hines 1979).

Kelp

Our reconstruction of kelp canopy cover from maps
(1856-2016; Fig. 2j-1; Fig. 1; Table S6) documented wide
fluctuations in kelp cover through time in all regions and no
significant increases in kelp cover following the return of sea

otters (Table S3). Striking differences emerged, however, in
kelp trends among regions.

Santa Cruz Kelp cover declined 12-fold between the mid-
1800s/early-1900s (mean proportional cover=0.36 (+0.13
SEM)) and recent times (1989-2016) (mean proportional
cover=0.03 (+0.03 SEM)) (GAM population smoother for
year: R>=0.85, p-value=0.001; Fig. 2j).

Monterey Monterey kelp cover was highly variable within
and across decades (Fig. 1k; GAM population smoother for
year: R*=0.002, p-value=0.22). When central California
otter populations were first extirpated (1826—1840), traders
and navy commanders reported “immense” and “impenetra-
ble” kelp beds (Fig. S3, Table S5). Following that period, in
the 1850s and 1860s, kelp cover was low, but variable. By
the 1890s, kelp cover was relatively high (Fig. 1k) and this
trend appears to persist through the early 1950s when and oral
history respondent reported “banks of kelp parallel to shore.”
During this period of kelp was relatively abundant, purple
urchins in Monterey formed “great beds” and sunflower sea-
stars were “discontinuously distributed in the entire region
[and] fairly common” (Table S5). In 1959 and the early 1960s,
kelp cover was very low. Oral history respondents reported
“almost no kelp” in Monterey in 1959 and 1962. These obser-
vations mirror published, anecdotal comments that in Mon-
terey (1959-1962), “large algae are heavily grazed upon, and
the general appearance of these rocks is barren” (Table SI7)
(McLean 1962). However, from the late 1960s onward, multi-
ple data sources (oral histories, aerial surveys) reported abun-
dant kelp for most years. Two exceptions occurred in 1997 and
2014-2016, coinciding with extreme warming events (ENSO
and/or marine heat waves, discussed below).

Big Sur The spatial extent of kelp showed high inter-annual
variability through time, but no overall trends (mean pro-
portional cover=0.21 (£0.13 SEM)) and recent times
(1989-2016) (mean proportional cover=0.19 (+0.15 SEM))
(Fig. 21; GAM population smoother for year: R>= <0.01,
p-value =0.67).

Q2. How has kelp abundance been impacted
by multiple stressors?

Q2. Method 1: Maximizing mapped years (1856-2016)

Over the 160-year period, we found that the abundance
of kelp exhibited two diverging trends. First, the relative
abundance of kelp in the Santa Cruz Region exhibited a
significant, 12-fold decline (p <0.001) between the period
when sea otters were absent (kelp maps: 1856—1934) and
the period when sea otters returned (kelp maps: 1989-2016)
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Fig.3 Schematic diagrams and

graph of relationships between kelp

abundance and multiple stress-
ors. (a—c) Schematics of indirect
and direct effects influencing the
abundance of kelp across three
time periods. Indirect and direct
stressors include predator abun-
dance, herbivore abundance, and
the ENSO Recovery Lag (ERL).
ERL is a measure of the recovery
time for kelp, given the duration of
ENSOs. The ERL measure includes
years with marine heat waves or
ENSO events that were classified
as medium+or greater (historical)
or MEI v2.0 values>1.5 (contem-
porary). (a) Period pre-1960, which
includes the 1957-1958 ENSO and
earlier ENSOs. (b) Period beginning
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(Fig. 1h; Fig. 2; Table S9). In contrast, the Monterey and
Big Sur Regions showed small, but significant (p =0.02)
increases in kelp cover between the period when sea otters
were present and the period when sea otters returned
(Fig. 1h; Fig. 2; Table S9).

Q2. Method 2: Maximizing variables (1934-2020)

Across the 86-year period (1934-2020), GLS models of rela-
tive kelp abundance (1934-2020) indicate that kelp abundance
declined slightly through time (year: p <0.001; Table S10),
but was significantly higher with a greater lag distance from
ENSOs (ERL: p<0.001; Table S10), and when there was a
greater abundance of sunflower seastars (p >0.001). Sea urchins
had a negative influence on the abundance of kelp (p=0.02 I;
Table S10). SST was correlated with several of the variables;
thus, we did not include it in the models.

From 1934 to 2020, sea urchin abundance was negatively cor-
related with the abundance of predators (sunflower seastars: Pear-
son product-moment correlation (PPMC)= —0.36, p=0.001;
sea otters: PPMC= —0.51, p<0.001; Fig. 1j). The abundance
of both predators was also correlated (PPMC: —0.38, p<0.001).
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ENSO Recovery Lag

Q2. Method 3: Mixed methods (1826-2020)

Considering all data sources across the 194-year period, we
found that kelp abundances and purple urchin densities exhib-
ited high variability over multiple decades or centuries (Fig. 2).
We identified two periods with extremely low kelp abundances
(kelp relative abundance <0.25) (1897-1899, 2014-2016;
Fig. 3d). Both periods occurred following ENSOs and when
only one predator was present in the system (Fig. 2, Fig. 3d).
A separate period of extremely low kelp occurred in 1856, but
was not near an ENSO event. Periods of low kelp abundance
(kelp relative abundance=1) occurred following seven ENSO
and MHW events (1892, 1900-1902, 1934, 1959-1961, 1999)
(Fig. 3d). These periods of low kelp abundance following ENSOs
occurred during years when two predators were present, or when
only sunflower seastars were present in the ecosystem (Fig. 3d).
Multiple-year warm water anomalies were always followed by
periods of low kelp (Fig. 3d). The length of the warm water
anomaly influenced the recovery period of kelp, and there was a
lag in the time it took for kelp to recover (ENSO Lag Recovery
(ERL)). The length of ERL was influenced by the number of
consecutive years with warm water anomalies. In 80% of cases,
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Fig.4 The spatial distribution and relative abundance of canopy-
forming kelp species in the Monterey Peninsula, CA (1911-2019).
Canopy-forming kelp beds include bull kelp (Nereocystis), giant kelp
(Macrocystis), and mixed beds both of species. Dashed lines indicate
years with strong or greater ENSO events. (a—d) The spatial extent
of kelp species 1911-2016. Dashed lines indicate the location of the
boundary between Monterey Bay and the outer area of the Monterey

kelp recovered 2 years after the ENSO or MHW (Fig. 1i). Fol-
lowing several other ENSOs, kelp abundance remained moderate
or high (kelp relative abundance > 2). Urchin abundances during
kelp declines were often unknown; however, low periods of kelp
(kelp relative abundance=1) occurred when the abundance of
urchins was both low and high (Fig. 3d).

As part of the mixed-methods analysis, we also consid-
ered changes in kelp abundance as documented by kelp har-
vest data. For 80% of the ENSO events ranked strong or
greater (1932-2001)—including the 1957-1959 ENSO—
kelp harvest declined during the second year of multi-year
ENSOs (i.e., ERL< — 1) (Fig. 1d). Kelp harvests then
returned to pre-ENSO levels within 1 or 2 years (Fig. 11).

Q3. How has the relative abundance
of canopy-forming kelp species changed over time?

We focused on the Monterey Peninsula to assess changes in
the spatial distribution of giant kelp (Macrocystis pyrifera)
and bull kelp (Nereocystis luetkeana). From 1970s onward,
giant kelp consistently dominated the relatively protected

Peninsula. (e-f) Trends in the relative abundance of bull kelp (Nereo-
cystis) and giant kelp (Macrocystis) in the Outer Monterey Peninsula
(1959-1919) and Monterey Bay (1939-2019). Lines indicate mean
estimated values using Loess smoothers (lambda=2) and grey rib-
bons indicate confidence intervals. Panels with multi- year periods
indicate projects that surveyed kelp over multiple years

coastline inside of Monterey Bay (Fig. 4). Following recent
kelp deforestation (2015-2016) (Fig. 2; Fig. 3), mixed
kelp forests and others dominated by bull kelp unexpect-
edly appeared inside Monterey Bay (2017-2020) (Fig. 4;
Figs. S5-S6). Some oral history respondents stated that this
change in dominant kelp species was unprecedented. For
example, one respondent recalled that between 1972 and
the 2016 deforestation by purple urchins, he had “never
seen extensive bull kelp inside [southern] Monterey Bay.”
However, bull kelp was in fact relatively abundant inside
of Monterey Bay from at least the early 1900s through the
1960s (Fig. 4). By the 1970s, single species stands of giant
kelp replaced bull kelp and mixed stands. The decline in bull
kelp in the 1960s and 1970s followed the re-establishment
of sea otters and the declines in purple urchins.

Q4. How do trends translate into broad periods
of social-ecological change?

The periods of coastal change (Fig. S2) mapped onto four of
the Cultural Periods outlined by Lotze et al. (2006). Since
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the previously described Cultural Periods end in 2000, we
expanded the periods to include the additional years covered
by this study (2000-2020) by (1) extending the Global Mar-
ket period to 2013 and (2) adding Release and Reorganizing
(2014-2020). We named this new Cultural Period from the
literature on abrupt social ecological change (i.e., Panarchy)
(Holling 2004; Allen et al. 2014)—to describe the ongo-
ing transformation of the coastal environment catalyzed by
the consecutive MHW and ENSOs in the Eastern Pacific
(2014-2016).

Discussion

By integrating diverse datasets from historical and contem-
porary sources, this study provides insight into multiple cen-
turies of kelp forest dynamics. There was extremely high
variability in the abundance of kelp across two centuries.
Kelp abundance in Santa Cruz exhibited a 12-fold decline,
while the other regions increased slightly over time. From
1826 to 2020, there were five periods with low kelp fol-
lowing warm water anomalies (ENSOs and MHW). Two
periods had extremely low abundances of kelp follow-
ing multiple years of warm water anomalies (1897-1899,
2014). Both periods with extremely low kelp occurred when
only a single predator was present. None occurred when two
predators were present, suggesting that two predators may
be necessary to keep kelp from dropping to extremely low
abundances following multi-year warm water anomalies.
We documented a lag in kelp recovery time (ENSO Lag
Recovery (ERL)), which was influenced by the length of the
warm water anomalies. Such co-occurring dynamics high-
light the critical need to track complex interacting stressors
and showcase the historical ability of kelp canopy to recover
following declines.

The novel finding that extensive kelp beds existed in Cen-
tral California for over 100 years without sea otters poses a
new question: What stressor or combination of stressors in
the late 1950s led to kelp declines? Through multiple lines
of evidence, we infer that the high urchin-low kelp pattern
observed in 1959-1961 was catalyzed ENSO events, but that
this stressor was overlooked because ENSO events were not
widely recognized at that time. Supporting this finding is
evidence that kelp canopy in San Diego, CA, in 1961 cov-
ered 0.89% of the extent that had been covered in 1955 (Teg-
ner and Dayton 1991). Kelp declines to low or extremely
low abundances were observed eight times (1826-2020).
Excluding one observation (1856), all periods with low or
extremely low kelp followed ENSO and MHW events.

Extremely low kelp in 1856, which did not follow an
ENSO, occurred when Monterey was characterized by a
rapidly growing human population, accompanying defor-
estation, and extensive ranching for missions and the
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hide-tanning industry (Burcham 1961). To our knowledge,
historical sedimentation patterns in central California have
not been documented. However, historical livestock graz-
ing peaked in California around 1850. This practice cata-
lyzed a strong sedimentation pulse, altered the composition
of the coastal seafloor in southern California (Tomasovych
and Kidwell 2017), and is hypothesized to have impacted
kelp across California (Nicholson et al. 2024). Intensifica-
tion occurred in livestock grazing in the Monterey region
around 1850 (Burcham 1961). We hypothesize this dynamic
temporarily changed the rocky seafloor (required by kelp)
to soft sediment, leading to the low kelp cover documented
during the 1850s.

When considering the impact of ENSOs, it is critical
to understand the recovery trajectories of kelp (California
Ocean Protection Council 2021). We found that kelp recov-
ery occurred after a time-lag (ENSO Recovery Lag). The
abundance of kelp following ENSOs can be further influ-
enced by interactions between invertebrate grazing and
predators (Rogers-Bennett and Catton 2019). Despite the
fact that sea otters in 2017-2019 consumed greater numbers
of urchins than in previous decades (Smith et al. 2021), our
results demonstrate that otters did not fully regulate regional
urchin populations in 2017-2020. Regulation of urchins
by otters would have been anticipated under the sea otter-
urchin-kelp trophic cascade hypothesis.

Growing evidence suggests that urchin predation by sun-
flower seastars may have played an underappreciated role in
maintaining kelp forests through time, and we found that the
abundance of sunflower seastars was positively correlated
with the abundance of kelp. As predators, sunflower sea-
stars influence urchins through non-consumptive and con-
sumptive mechanisms. Sunflower seastar predation can cue
urchin sheltering behavior, thereby reducing rates of grazing
(Byrnes et al. 2006). A long-term study (Monterey Penin-
sula, 1872-1981) inferred baseline predation of urchins by
sunflower seastars based on remnant urchin tests—sunflower
seastars ingest their prey whole (Pearse and Hines 1987).
Pearse and Hines (1987) estimated that a low density of
sunflower seastars (0.016 per m?) was needed to suppress
urchin outbreaks. Prior to SSWD, we found that sunflower
seastar densities in Monterey were above this threshold
(mean=0.02 per m?). Sunflower seastars consume 0.68 pur-
ple urchins day ™!, on average, and do not select well-fed over
starved urchins (Galloway et al. 2023). This agnostic seastar
behavior contrasts that of sea otters who typically prefer con-
suming fed urchins (Smith et al. 2021). Furthermore, sun-
flower seastars directly impact 4—7-cm urchins through pre-
dation (Burt et al. 2018). In central California, the 4—7-cm
size class of purple urchins is estimated to be at 4-5 years
old and older (Ebert 2010), given sufficient food. Thus, we
hypothesize that the functional extirpation of sunflower sea-
stars by 2014 is a possible mechanism underlying the recent
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increase in urchin abundance. However, there remains a need
for better documentation of the role of sunflower stars in
regulating urchin populations and urchin behavior.

The variable presence of bull kelp suggests that this
opportunistic annual species (Dayton et al. 1984) may per-
sist when urchin abundances are high. We found that the
abundance of bull kelp in Monterey Bay declined following
the return of sea otters, when herbivorous urchin declined. In
contrast, bull kelp was present in higher densities and mixed
species forests during periods when urchin populations were
high (pre-1970s and post-2016). Before the recent marine
heat wave and ENSO (2014-2016), bull kelp in northern
California had extensive cover regardless of urchin densities
(Rogers-Bennett 2013). This sustained co-existence provides
further evidence of the capacity of bull kelp to maintain pop-
ulations in the presence of urchins. In contrast, giant kelp, a
perennial species that is adapted to compete effectively for
light and nutrients (Dayton et al. 1984), appears dominant
during low urchin abundances. This functional redundancy
of canopy-forming kelp species has the potential to confer
greater resilience on kelp forests in central California than in
regions with only one commonly dominant species.

Simple and compelling models of ecosystem dynamics,
such as a three-step otter-urchin-kelp system, may be a use-
ful tool for conveying complex ecological concepts such as
indirect effects. Such models have strong explanatory and
predictive power in some contexts (Ripple et al. 2016); how-
ever, they may also create flawed expectations of a “silver
bullet” solution to complex problems. Our findings suggest
that simple trophic cascade models are not accurate for sys-
tems, such as central California, where single-species inter-
actions are more diffuse due to diversity within functional
groups (Eisaguirre et al. 2020; Malakhoff & Miller 2021;
Steneck et al. 2002). Systems impacted by multiple stressors
can benefit from ecosystem-based management, but guid-
ance and research on ecosystem-based management of kelp
forests remain surprisingly limited (Hamilton et al. 2022).
Historical data sources can provide new insights for ecosys-
tem-based management, although there are limitations to
the accuracy and availability of historical data which need
to be accounted for through methods such as triangulation.

Extending a deeper baseline provides a window into
the long-term dynamics of kelp forest ecosystems. Our
study demonstrates that following multi-year warm water
anomalies, the presence of two predators indirectly pre-
vented kelp from falling to extremely low abundances. Fol-
lowing all ENSO events where kelp declined, the recovery
of kelp occurred after a lag, and that lag was extended by
multi-year warm-water anomalies. We found that kelp has a
strong capacity to recover, but that capacity was reduced by
stressors (e.g., urchin outbreaks, predator loss, consecutive
warm years). This suggests that management should reduce
the risk of extremely low kelp abundances by protecting

multiple predators, and by re-establishing predators where
they have been lost. It also suggests a greater need for inter-
ventions following multi-year warm water anomalies when
the ENSO Recovery Lag is greater. Thus, establishing
historical baselines, predator restoration, monitoring, and
developing techniques for effective and scalable restoration
will be crucial for supporting kelp forests. A combination
of all these actions is urgently needed to reverse the ongo-
ing loss and degradation of one of the most productive and
diverse marine ecosystems on this planet.
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