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ABSTRACT

The status of kelp forests and their vulnerability to climate change are of global significance. As the
foundation for productive and extensive ecosystems, understanding the long-term trends in kelp is
critical to coastal ecosystem management, climate resiliency, and restoration programs. In this study,
we curate historical US government kelp inventories, develop methods to compare them with
contemporary surveys, and use a machine learning framework to evaluate and rank the drivers of
change for California kelp forests over the last century. Historical surveys documented Macrocystis and
Nereocystis kelp forests covered approximately 120.4 km? in 1910-1912, which is only slightly above
surveys in 2014-2016 (112.0 km?). These statewide comparisons, however, mask dramatic regional
changes with increases in Central California (+57.6%, +19.7 km?) and losses along the Northern (-63.0%, -
8.1 km?), and Southern (-52.1%, -18.3 km?) mainland coastlines. Random Forest models rank sea otter
(Enhydra lutris nereis) population density as the primary driver of kelp changes, with benthic substrate,
extreme heat, and high annual variation in primary productivity also significant. This century-scale
perspective identifies dramatically different outcomes for California’s kelp forests, providing a blueprint
for nature-based solutions that enhance coastal resilience to climate change.
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INTRODUCTION

Kelp forest ecosystems, and the essential services they provide, are under threat worldwide [1, 2].
Located in every ocean basin, and spanning 25% of the planet’s temperate and arctic coastlines, canopy-
forming kelps are the foundational basis of unique marine ecosystems [3, 4]. These ecosystems supply
critical services including refuge habitat for commercially important fisheries, nutrient recycling and
carbon storage, protection from seabed erosion, and highly productive assemblages of biodiversity [5-
7]. Though they are considered important for global carbon budgets [1, 8], kelp forests are not currently
included in blue carbon initiatives [9]. Understanding the magnitude and drivers of kelp declines is
therefore key to developing integrated conservation plans to promote the persistence of these
ecosystems, their services, and coastal resilience regionally and globally.

Kelp forests are vulnerable to multiple threats across a range of temporal and spatial scales. In
the last decade, marine heatwaves have become intense, persistent [10, 11], and globally common,
with particular severity in historically cool, largely temperate regions [12] that contain the major kelp
ecoregions [13]. At the organismal scale, prolonged heat stress intensifies nutritional depletion, directly
damages tissue, diminishes reproduction, accelerates senescence, and increases kelp mortality [2]. At
the population scale, persistent extreme heat reduces kelp recruitment, and can ultimately convert kelp
forest ecosystems to communities dominated by benthic turf algae [14, 15]. Over decadal time scales,
regional threats like water quality and substrate loss have impacted kelp survival, especially where
coastal development has increased sedimentation, turbidity, and harmful algal blooms [2, 16]. In
extreme cases, sediment accumulation may smother the native benthos, prevent kelp resettlement, and
permanently transform bedrock to soft-sediment [17, 18]. Finally, trophic disruptions, such as
overhunting of a keystone predator, the southern sea otter (Enhydra lutris nereis), have occurred over
century-long time scales, corresponding with losses of kelp forests [19]. These impacts often act
synergistically, so as environmental conditions deteriorate, diminishing canopy litter can create sea
urchin swarms on the remnant kelp stands [20], especially where disease or overharvesting of
invertebrate predators [21, 22] exacerbates an already-poor ecosystem state.

This combination of important services and significant threats prioritizes a need to develop
informed benchmarks for kelp forest restoration. Historical ecology has been particularly effective at
interpreting data sources from the past to identify important sources and scale of human impacts to
nature. As a result, early nautical charts, expedition narratives, consumption records, ethnographic
accounts, and museum collections—for example—can be used to demonstrate broad trends and have
uncovered massive megafauna declines and ecosystem transformations during the last century [23-28].
Despite the inherent differences in contemporary and historical survey methods, thoughtful analyses
may provide comparisons necessary for setting conservation or management goals. To date most kelp
forest assessments rely on in situ or remote sensing datasets from the last 50 years [1, 2], which may
downgrade important ecological relationships and underestimate restoration potential, particularly
given the long time scale of decline and potential interactions among drivers of change. Extending the
period of record for kelp forest ecosystems may therefore be vital to better understand sources and
impacts of the full suite of anthropogenic stressors, predict future trends, inform conservation efforts,
and design effective restoration [29].

The California coast presents a unique opportunity to develop an historically informed
assessment of kelp forests. The state’s marine geography extends nearly 10° of latitude, encompasses
more than 1,600 km of linear coastline, and hosts two major canopy-forming kelps (Macrocystis
pyrifera, Nereocystis luetkeana) that occur along a gradient of human impacts. Surrounding these kelp
forests is a cascade of climatic influences [30], characterized in large part by the productive upwelling of
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the California Current system. Onshore lies a mosaic of intensely modified regions (urbanization,
agriculture) and well-managed terrestrial and marine protected areas. In central California, the southern
sea otter population is gradually recovering from a persistent ecological extinction and resuming its
keystone function [22, 31]. Within this complex setting of environmental factors, comparison of
historical and contemporary canopy cover surveys may yield novel insights into kelp forest dynamics
through time.

Here, we generate spatially explicit historical reference points of California kelp forest cover and
assess the dominant drivers of change over the last century. We digitize, georeference, and quantify
historical kelp surveys, compare them to modern aerial survey data, assess carbon storage, and
generate a 100-year record across several spatial scales. Importantly, this timescale captures the major
human drivers of change in this system, including recent warming, coastal development, and the decline
and initial recovery of sea otters following protection in 1911. To accompany these kelp data, we curate
a suite of environmental driver datasets and use Random Forest (RF) modeling to rank their influence on
changes in canopy cover. This provides a more informed account of the long-term status of California
kelp forest ecosystems and identifies natural strategies for climate resilience and ecosystem restoration.

METHODS
Kelp Cover Time Series

To assess century-scale changes in kelp forests throughout California, we analyzed an historical data
source from early 20" century U.S. government ship-based surveys of its Pacific coast commercial
resources, led by three scientists, George B. Rigg, Frank M. McFarland and Wesley C. Crandall [32]. Their
data have been foundational to understanding kelp forest dynamics in Washington state [33, 34] and
provide a similar opportunity for examining change throughout California. While invaluable as a source
of long-term information, several factors suggest these historical surveys may represent a conservative
baseline. As an inventory of commercially harvestable kelp, scientists only mapped large beds
measuring > 2.5 ha. Additionally, the government scientists who performed the surveys observed that
kelp coverage was “unusually low” [32]. Though historical assessments of the distribution of California
kelp forests are regrettably few—a main impetus for this present study—the surveyors’ anecdotal
observation is in agreement with historical assessments from Washington state that describe 1911 as a
50-year (1880-1930) kelp canopy minimum [33]. Nonetheless, considering the highly dynamic nature of
kelp cover in space and time [35] and the additional need for historical reference points to assess long-
term ecological change [27, 29], here we develop a cautious methodology to compare historical and
contemporary kelp survey data.

The historical dataset is contained in 26 map sections of the California coastline, representing
ship-based surveys from 1911-1912 with additional beds reported from 1910. To extract individual kelp
beds, we georeferenced each map to fixed reference points from the California state shapefile [36],
confirming alignment by matching survey depths with modern bathymetry data. Within each survey
map, we then digitized canopy cover by tracing each designated kelp bed. This resulted in 186 polygons
described as Macrocystis, Nereocystis or mixed kelp species along the California mainland with an
additional 56 patches in the Channel Islands. For each harvestable bed, historical surveyors attributed 6
discrete kelp densities — from “very thin” to “very-heavy” — they derived empirically in meticulous detail
[32]. We explored using these quantitative densities [32] as a correction factor (see Supplemental
Material) to discount the area of the smoothed historical kelp bed polygons (Figure 1A), but developed a
stepwise routine to facilitate comparing historical and contemporary kelp data (see below).
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We obtained contemporary kelp canopy estimates from CDFW aerial surveys
(https://bit.ly/3bl1DA4l) [37] for 2014-2016, encompassing a similar 3-year period. These surveys
captured high-resolution multispectral imagery that were later downsampled to 2m resolution and
generated into shapefiles of kelp polygons. This procedure has become an established method for
coastal monitoring and ground-truthing coarser (30m) LANDSAT imagery [34, 35], especially when kelp
cover is sparse [38-40] or fringes rugose coastlines [41]. Monitoring was standardized to occur during
the fall season of peak kelp abundance and when tidal currents, fog and glare are at their minima [37].
To build a contemporary dataset comparable with the three-year historical survey, we used ArcGIS tools
[36] to overlay the 2014, 2015, and 2016 shapefiles (Figure 1B), then created a novel layer by outlining
the union of kelp polygons. The resulting outlined shapefile (Figure 1C) mimicked the resolution and
form of the historical “harvestable” kelp bed output by further smoothing pixelated vector data that
originated as high-resolution raster imagery, and by excluding all polygons < 2.5 ha. Next, we used the
“intersect” function to calculate regional mean polygon overlap values between the unioned and
outlined contemporary kelp shapefiles (Figure 1D), to be used as correction factors for estimating kelp
canopy area from the historical maps. To create a comparably scaled statewide historical benchmark,
we discounted the area of each harvestable kelp bed from the 1910-1912 surveys by applying the
correction factors for northern, central, and southern California. These regional boundaries (marked at
Pigeon Point and Point Conception) are widely recognized in marine ecology and specifically relevant
here due to kelp composition; northern California is dominated by Nereocystis, southern is exclusively
Macrocystis, and the central region is a mixture of the two.

To compare the historical vector and contemporary raster datasets, we overlayed both
georeferenced surveys with a 500 m linear coastal transect, extending from shoreline to the 30 m
isobath. This linearized binning of the California coastline, from the Mexico (0 km) to Oregon border
(1,620 km), is our geospatial framework for all datasets and analyses. We then characterized century-
scale changes in kelp forests along California’s mainland coast by calculating the difference between
recent (2014-2016) and historical (1910-1912) canopy area within each 500 m unit. To contextualize and
visualize local trends, we then fit a uniform-span locally weighted regression (“LOESS”, a = 0.075) to
these data [42]. For the historical kelp surveys, we calculated the standing biomass of kelp carbon from
bed areas, derived densities [32] and species-specific wet kelp to dry carbon biomass ratios [43, 44]. For
recent surveys, we used a similar procedure but applied area-weighted averages for bed density and
wet-to-dry biomass conversions derived for each region using the historical surveys. For all surveys, we
express kelp carbon storage in CO; equivalents and calculate its social cost—the estimated costs of
economic damages from CO; emissions or benefits from CO, removal [45]. While international carbon
frameworks typically conduct CO; accounting in terms of C sequestration, these relationships for kelps
are currently unresolved at scale. Until such empirically verified sequestration rates exist, here we
report kelp CO; equivalents in terms of standing biomass—a metric which is of value.

Driver Datasets and Analytical Models

Next, we identified and curated spatially resolved environmental features that represent likely drivers of
regional kelp ecosystem changes over the last century. To assess the potential effects of long-term
oceanographic warming events (e.g., ENSO, marine heatwaves), we examined two gridded, monthly 1° x
1° SST products (HadISSTv1.1, COBESSTv2) and one 0.25° x 0.25° product (NOAA OISST) [46-48]. Similar
to previous work [13], we defined extreme heat as exceeding the 95th percentile of SST observed during
the first 50 years of record (1870-1919) for each calendar month within each coastal grid cell, averaged
from the HadISSTv1.1 and COBESSTv2 data series. With these historical benchmarks, we quantified
extreme heat over the contemporary period (1983-2016) with the finer scale NOAA OISST product. For
the same contemporary period, we calculated the months with mean NOAA OISST values > 20 °C,
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representing a maximum physiological tolerance for Macrocystis recruitment [49, 50]. In addition to
climate, we characterized contemporary coastal benthic habitat by proportion of hard substrate, using
data derived from the California Seafloor and Coastal Mapping program [51]. To incorporate trophic
dynamics, we calculated 2014-2016 mean sea otter population density from annual USGS range-wide
spring surveys throughout central California [52]. We also integrated an approximate measure of
human-related stressors by obtaining 30 arc-second gridded (~1 km?) coastal (within 2.5 km of shore)
population data [50]. To explore effects of net primary productivity (NPP) variability on changes in kelp
canopy, we acquired available (2003-2016) monthly estimates from the Vertically Generalized
Production Model (VGPM; https://bit.ly/3kQBg08). From these data, we estimated both annual and
monthly mean measures of variability along the California coastline at a spatial resolution of 0.083° x
0.083°. To standardize all datasets and match with kelp cover, we assigned all variables to the closest
500 m coastal segment, applying a uniform-span locally weighted regression (“LOESS”, a = 0.075) to
factors where data are nonstationary (sea otters, humans) or derived from coarser scale models (SST,
NPP).

Finally, we modeled the relationships between environmental features and kelp cover changes
using RF [53]. RF is a type of machine learning algorithm that generates random subsets of model inputs
to predict the response variable, through bootstrapping a set of training data (sampled with
replacement) and growing a “forest” of diverse and uncorrelated “trees” [54, 55]. Here the RF
framework is appealing as it capably describes non-linear and non-parametric relationships, provides
robust model predictions with an unbiased assessment of the generalized error, and offers unique
insight into variable interactions (partial dependency visualizations). More generally, machine learning is
becoming critical in conservation science to manage large, sensor-based data streams into efficient
analytical workflows and system learning [56]. Previously, we applied RF elsewhere [24, 57-59] in a
similar manner to understand long-term changes in marine ecosystems.

Within our RF model, we used raw (or nontransformed) data series for the output variable (kelp
differences) and resolved, static input variables (hard substrate), but transformed or smoothed (LOESS,
a = 0.075) input factors where data are nonstationary (sea otter and human population densities) or
derived from coarser scale models (SST heat extremes, and NPP variances). The model excludes coastal
transect bins where kelp was not detected during any surveys, so that a zero result singularly refers to a
lack of change in kelp forested areas, not the absence of this ecosystem. To ensure sampling
independence, we tested for spatial autocorrelation among model residuals (Moran's / =-0.01) [60]. We
then improved model performance by eliminating highly correlated variables [61], and tuning model
parameters (‘mtry’ and ‘ntree’) using a simple grid search routine. We also assessed model robustness
by randomly generating 100 iterations of training and validation datasets, the summarized results to
characterize model performance and rank variable importance [54]. Finally, to examine interactive
effects between factors influencing kelp changes, we created partial dependency plots, pairing key
environmental drivers from the final model output. All analyses were conducted in version 4.0.3 of the R
statistical environment [62].

RESULTS

California’s overall kelp canopy area declined slightly (-6.9%, -8.4 km?) between historical (1910-1912)
and contemporary (2014-2016) time periods, but differences among regional trends were dramatic
along the mainland (Table 1). Gains in central California (+57.6%, +19.7 km?) nearly compensated for
losses in the northern (-63.0%, -8.1 km?) and southern (-52.1%, -18.3 km?) regions. By comparison, kelp
in the offshore Channel Islands declined slightly (-4.5%, -1.7 km?) in part from significant increases at San
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Miguel (32%) and San Nicolas (68%) Islands, which balanced losses from all other islands. Figure 2 plots
century kelp area differences along a continual mainland transect from south to north California. The 3
most extreme kelp declines occur at both margins of the southern California Bight (e.g., from Santa
Barbara to San Diego) and near Cape Mendocino in the north where there was a near total loss (Figure
2). By contrast, kelp canopy increased nearly everywhere throughout the central coast.

The estimated historical standing biomass of carbon in California kelp amounted to 556.5 kt CO,,
with 444.6 kt CO; on the mainland, and 111.9 kt CO; in the Channel Islands during the 1910-1912 survey
composite (Table 1). Though kelp canopy declined over the last century, we estimate carbon biomass
may have increased by 5.3% to 586.0 kt CO; in the 2014-2016 survey. This is the result of regional
differences in species composition, their associated implications for the density of kelp beds, and the
consequent carbon composition of kelp tissues (see Supplementary Material). We estimate increases of
57.6% in the total standing biomass of kelp in the central California (252.7 to 398.3 kt CO), steep
declines in the northern (-63.2 kt CO,, -63.0%) and southern (-47.8 kt CO,, -52.1%) regions, and a modest
decline in the Channel Islands (-5.1 kt CO,, -4.5%). These reginal trends represent a dramatic spatial
realignment of California kelp. In 1910-1912, 45.4% of California’s kelp carbon biomass was in central
California, which jumped to 68.0% in 2014-2016. Changes in the estimated social cost of carbon kelp
follow biomass proportionally, with a slight increase from SUS 103.0M in 1910-1912 to SUS 108.4M in
2014-2016 (Table 1), with the same regional realignment.

Sources of influence on kelp canopy cover (sea otters, substrate, climate, NPP variability, and
humans) varied along the transect revealing areas of higher and lower potential resilience and impact
(Figure 3). Kelp canopy gains throughout central California indicate a confluence of optimal conditions,
where sea otters are recovering (Figure 3E), extreme heat and annual NPP variability are low (Figure 3A-
B, F-G, hard substrate is abundant (Figure 3C), and human populations (and coastal development) are
minimal overall (Figure 3D). In southern California, where kelp declines were greatest, the opposite
conditions are true. Perhaps due to greater seasonal variability of NPP (Figure 3F), Northern California
experienced major kelp forest declines despite several positive features —abundant hard substrates, low
human population densities, and a lack of absolute extreme heat (SST = 20 °C). However, no California
region is free from extreme marine heat (Figure 3A, F), and sea otters are functionally absent outside
the state’s central coastline (Figure 3E).

The measured (Figure 4A) and modeled (Figure 4B) influences to California kelp forest changes
show that kelp increased with the population density of sea otters (and their ecosystem functions),
declined with the prevalence of extreme heat and NPP variability, declined where hard substrates were
scarce, and was ambiguously influenced by human population density. Even though relative and
absolute measures of climate change might affect kelp physiology differently, these two climate factors
were highly correlated (Figure 3AB). Following best practices [61], we removed the less resolved
absolute heat stress series from the model, improving model performance. The resulting RF model
explained > 70% of the data variability. Trophic dynamics (i.e., sea otter presence or absence), hard
benthic substrate, extreme marine heat represented by a fixed historical benchmark from before and
during the earliest kelp survey data, and NPP variability explain most of the observed changes in
California kelp (Figure 3C). Benefits to kelp occurred where sea otters are now relatively abundant, with
model predictions indicating kelp stabilization or gains at population levels > 0.05 sea otters ha. While
extreme heat was a dominant model factor explaining kelp changes (Figure 4C), its effect declined
where kelp losses were highest (Figure 4A-B).

Apart from individual variable effects, understanding variable interactions to model outputs can
provide greater practical insights. Figure 4D examines interactions among model features using two-way
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partial dependency plots (PDPs). This shows the primary effect of sea otters on kelp changes, enhancing
gains across a gradient of hard substrate and buffering losses from extreme heat, NPP variability, and
human population density (Figure 4D). Sea otters exerted the greatest influence on kelp ecosystem
resilience (e.g., blue shaded area in Figure 3D) corresponding to regional kelp canopy expansion
between 1910 and 2016. In their absence, kelp declined from every other stressor (loss of hard
substrate, ocean warming, NPP variability, and humans.

DISCUSSION

Assessing ecological trends over relevant temporal and spatial scales is essential to identify the full
magnitude and key drivers of change, but reliable information rarely exists over this time span. Here, we
extend a previously reported 35-year baseline [1] by nearly seventy years along the full extent of
California’s coastline, which spans nearly 10° of latitude and represents a broad range of coastal
ecosystem states, from highly impacted, densely populated industrial outfalls to more remote, nearly
intact marine protected areas with recovering sea urchin predators. By examining environmental factors
related to century-scale, spatially resolved kelp canopy changes along California’s mainland coastline,
we identify four important findings. First, although overall statewide canopy decline was low, regional
changes were dramatic with central California kelp forest gains nearly offsetting losses along northern
and southern mainland coastlines (Table 1, Figure 2). Second, the presence of sea otters outweighed all
other environmental factors, representing a strong driver of kelp forest gains by increasing canopy
resilience to impacts from more detrimental factors (Figures 2-4). Third, in the absence of sea otters,
extreme heat and high annual variation in NPP productivity corresponded most with declines (Figures 3-
4). Fourth, we translate our kelp area metrics to carbon accounting and social costs to assess the
importance of kelp ecosystems and their climate resiliency in global conservation and policy
frameworks.

Our identification of substantial regional declines in kelp canopy over the last century suggests
staggering alterations of California’s coastline, capturing not only recent losses in northern California
[22] but mid-century decreases along the southern transect [17, 63]. However, this may reflect a
fraction of true losses incurred during the last two centuries when considering effects of nineteenth-
century, grassland erosion from cattle grazing and crop cultivation along southern California coastal
watersheds [26]. By the early 1900s, rapid, unmanaged agricultural development yielded an estimated
10-fold increase in sediment deposition from the Los Angeles and Orange county alluvial plain,
smothering historically abundant marine granite substrate and a complex benthos formed by millennia
of shelled invertebrates and gravel, which may have provided suitable substrate to support extensive
offshore kelp forests [26]. After 1900, port excavations, inadequate wastewater management, and
shallow sewage outfalls degraded nearshore kelp beds off the southern California coastline [17, 18, 64,
65] during dramatic, mid-twentieth century human population growth [66]. Where kelp forests
remained, anchoring to softer sediments increased their vulnerability to catastrophic removal from
more severe and frequent seasonal storms in a warming ocean [67]. Such patterns are like effects seen
in other nearshore ecosystems, like coral reefs, where impacts from early agricultural development and
land use resulted in sedimentation and loss prior to the onset of acute global climate change [23, 25].
Our findings here suggest that managing terrestrial land use is an important component of maintaining
and restoring the health of marine and coastal ecosystems, alongside managing contemporary impacts
from warming oceans. Future research that reconstructs benthic substrate dynamics over a similar 100-
year time may provide greater insights into long-term drivers and resiliency planning for kelp
ecosystems.
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Perhaps most notably, we found that kelp canopy declines along northern and southern
mainland regions of the state were offset by gains within the central coast, corresponding with the
presence of sea otters. Absent from our model, we found similar trends among the Channel Islands with
kelp canopy gains along islands where sea otters are observed or recovering (San Miguel and San Nicolas
Islands) balancing dramatic losses among all others, where sea otters are absent (Santa Rosa, Santa
Cruz, Anacapa, Santa Barbara, Santa Catalina, and San Clemente). Sea otter recovery is currently limited
to central California and San Nicolas Island, where protections and active reintroductions have been
most effective [58, 68, 69]. Although sea otters are recognized as integral to healthy kelp forests
throughout the North Pacific [70-72], their role in California, where trophic cascades and species
assemblages are complex [30, 73, 74], is more difficult to measure. Our results suggest that otters are
critical to maintaining kelp forest health throughout their range, buffering long-term kelp loss where
their population densities are highest in central California (Figures 2-4). Sea otter populations may
contribute to increased climate resilience by providing for a multitude of kelp ecosystem services,
perhaps including carbon storage, but recent research from a spatially constrained section of the central
California coast [74] suggests otters may be limited in recovering kelp ecosystems from a barren state
where conditions are already degraded by coastal development. The role of otters in increasing natural
climate resiliency underscores the potential for trophic rewilding—the reintroduction of herbivores and
carnivores to systems where they have been lost—to support climate change resistance and resiliency.
Research from terrestrial ecosystems suggest that carbon cycling may benefit from such trophic
rewilding [75]. Higher elephant densities in central African rainforests, for example, led to shifts toward
larger trees with higher wood density, enhancing carbon storage [76]. Across ecosystems, this role of
animals in carbon storage has been underappreciated [77]. Given that marine megafauna populations
across the globe approach 90% [78], the co-benefits of restoring marine animal populations to enhance
biodiversity and natural climate resiliency must be given serious consideration.

Our results demonstrate the damaging effects of warming temperatures on kelp [14, 15, 22, 79,
80], especially within ecosystems already subjected to trophic downgrading. The large spatial scale of
our analysis also allows insight into pockets of resilience and vulnerability. For example, our finding that
the effect of extreme marine heat declined when kelp losses were highest is consistent with previous
research, suggesting local adaptation and heat tolerance in southern California [81]. Single species
Macrocystis stands are dominant in this region, and this species occurs on 4 continents and in 4 ocean
sub-basins (real-time crowdsourced data at https://bit.ly/3QNEgol), likely indicating significant genetic
and phenotypic plasticity [82, 83]. Northern California, by contrast, saw more moderate extreme heat
and human populations, yet had similar extreme declines in kelp cover by comparison to southern
California. Unlike southern California, northern California is more dominated by Nereocystis stands. N.
luetkeana has a limited distribution in the North Pacific and an annual life cycle, perhaps conferring less
phenotypic diversity and greater susceptibility to extreme heat [84].

Collectively, our results provide valuable information about the importance of restoring trophic
relationships and minimizing stressors from coastal development to increase kelp forest resilience
within a warming and more variable climate. Although kelp enhancements have been successful at the
small scale [8], California lacks coordinated, broad scale activities, and these are also rare globally.
Large-scale kelp forest restoration programs might benefit from recognition and support from
international blue carbon initiatives. Blue carbon initiatives currently focus on mangroves, sea grass
meadows, and salt marsh ecosystems [85]. The omission of kelp forests may underestimate the carbon
storage potential from coastal ecosystems [5, 9] while also reducing programmatic resources and
strategic capacity for nearshore ecosystem restoration. The addition of macroalgae into carbon crediting
initiatives may provide funding for restoration and gardening initiatives that offer potential solutions to
rebuilding marine resources and their economic, cultural, and life-supporting value in a world where
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climate change continues to alter and threaten coastal communities. As an example, our historical
estimate of 2.04 tg CO, equivalents stored in California kelp has an estimated monetized value of $
377.2M, as determined by the most recent “social cost of CO,” (mean projection, 2020 USD) [45]. This
historical monetized value of CO; equivalents in California kelp is $ 324.2M greater than the value ($
53.0M) estimated from the 0.29 tg CO; in the 2014-2016 survey average.

Although interpreting historical data is imperfect and not without limitations, long-term
ecological records are essential for understanding ecosystem dynamics, climate resiliency, and effective
restoration [29]. Because kelp is highly variable across seasons and individual years [35], we focused on
comparing kelp maximums (or spatial unions) observed across two multi-year time periods, separated
by a century. To resolve differences between ship-based and aerial survey methods, we created less
granular, blocky patches from aerial surveys, mimicking the historical data, then calculated regional
canopy area discount rates based on contemporary values. While the corrected historical kelp area may
underestimate historical canopy cover, it provides a conservative record to compare with contemporary
data. Given the meticulous and extensive nature of the historical inventories [32], and the global
significance of kelp ecosystems, these historical data presented an important opportunity.

Our century-long evaluation of trends in California highlights a dramatic regional decline,
resulting from anthropogenic effects of climate warming, coastal development, and trophic disruptions.
This magnitude of California kelp deforestation is greater than other reported assessments [1, 8]
perhaps from a finer geographic scale and longer baseline reference, which may still underrepresent
true losses when considering human impacts before 1900. Our study also indicates that among
stressors, a warming climate has a profound single influence, but this factor may be enhanced by the
sedimentation and smothering of nearshore benthic substrates during rapid coastal development.
Where coastal development is managed (or mitigated), recovery of sea otters and their trophic
relationships may increase kelp forest resiliency to climate change, especially when warming
temperatures intensify sea urchin recruitment and herbivory. Restoration of California’s coastline
resources requires the rapid implementation of innovative, collaborative, and sustainable ocean
gardening strategies to address climate change and prevent further decline in kelp forest ecosystems.
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TABLE and FIGURE CAPTIONS

Table 1. Statewide and regional changes in California kelp over the last century. At the state level, the
total area (-6.9%), carbon biomass (+5.3%), and social costs (+5.3%) of harvestable kelp beds (see
Methods) were not considerably different from 1910-1912 to 2014-2016 surveys. These trends,
however, obscure stark regional differences that encompass a dramatic shift of California kelp over this
period. In central California, kelp increased 57.6%, growing 19.7 km? and adding an estimated 145.6 kt
CO.. In all other regions kelp declined. Most notably, northern California saw 63% declines in kelp
amounting to an estimated 8.1 km? and 63.2 kt CO, lost. The overall decline in kelp canopy area with a
simultaneously estimated increase in kelp carbon biomass over time highlights regional differences in
species composition and associated bed density and carbon content. The estimated social cost of kelp
carbon follows the biomass trends, and in both periods exceeds SUS 100M.

Figure 1. Regional discount rates for comparing historical and contemporary kelp canopy surveys.
Regional mainland examples of (A) historical maps and noted harvestable beds, (B) composite of
contemporary (2014-16) CDFW aerial surveys, (C) their reframing at comparable scale (or as harvestable
beds), and (D) proportional canopy cover distributions derived from the intersections of (B) and (C)
throughout California. The 1911-12 kelp survey represents an effort by the US Department of
Agriculture to assess potash resources from California’s summer to fall seaweed canopy. Similarly,
during the mid-summer to fall seasonal peak, CDFW periodically conducted annual statewide aerial
surveys of kelp canopy from 1989 through 2016.

Figure 2. Century-scale, mainland kelp canopy losses throughout northern and southern regions of
California slightly surpassed increases along the central coastline. Mainland kelp canopy resources
depicted by (A) total area (ha), and (B) changes within nearshore habitat (< 30m depth) during 1911-12
and 2014-2016 (composite) from (C) the Mexico to Oregon state border (0 to 1620 km). Canopy area
gains along central California nearly offset losses within northern and southern coastal regions (see
Table 1). To better visualize broad regional trends, we fit a locally weighted regression (LOESS, span
0.075) to these kelp features. Kelp canopy changes between contemporary and historical surveys are
indicated by circles, with gains in blue and losses in red. All measurements reflect peak seasonal
abundance in kelp from mid-summer through fall. Southern-central and central-northern region dividing
landmarks are Point Conception and Pigeon Point, respectively, with San Francisco Bay, Monterey Bay,
Santa Barbara Channel, Los Angeles Basin, and San Diego Bay noted as geographic features.

Figure 3. Potential coastal sources of influence to statewide kelp canopy area. (A) Sea surface
temperature (SST) heat extremes and (B) kelp climate maximum events (> 20° C) occurred most
frequently throughout the southern or low latitude portion of (H) California. We estimated occurrence
of coastal heat extremes by calculating mean-monthly frequency of events (1983-2016) within the 95t
percentile of historical SSTs recorded from 1870 to 1919. (C) Hard seafloor substrate (< 30-meter depth)
is more abundant throughout northern and central coastal regions, nearly the reverse distribution of (D)
human population density. (E) Sea otter population densities are greatest within the central portion of
the state’s coastline, where recovery is occurring. (F) Monthly and (G, J) annual net primary productivity
(NPP) variability distributions are nearly mirror opposites, corresponding with greater seasonality in
northern California and longer cycles of extreme climate conditions in the southern coastline. Raw data
are indicated by circles and smoothed using a uniform-span, locally weighted regression (LOESS, a =
0.075). During analysis, we used transformed data to characterize both nonstationary factors (i.e., sea
otter, humans) and environmental data derived from coarser scale models (i.e., SST, NPP).

Figure 4. Large-scale SST anomalies and net primary productivity variability corresponded most with
overall kelp canopy declines, but sea otter density mitigated statewide losses. (A) Pair-wise
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comparisons, and (B) modeled individual conditional expectations (ICE) from the Random Forest (RF)
model outputs for the highest ranked variables. Predominantly soft seafloor substrate, moderately high
temperature heat extreme frequency and NPP variabilities, and densely populated coastlines related
most strongly with canopy kelp losses. By contrast, sea otters corresponded with minimal to low
declines, or even kelp gains at higher population densities (> 0.05 ha ). We assigned (C) variable
importance rankings from comparative increases in model MSE when each factor was removed. Overall,
this six factor RF model explains 71% of variability related to century-scale kelp canopy area changes. (D)
Two-way partial dependency plots describe the predicted interactions between impact of selected
factors on kelp canopy changes. Here losses increase with y#, symbolized with warm colors. Among all
environmental factors, only sea otters consistently correspond with predicted gains in kelp canopy area.
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