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The Salish Sea, a dynamic system of straits, fjords, and channels in southwestern

British Columbia, is home to ecologically and culturally important bull kelp

(Nereocystis luetkeana) forests. Yet the long-term fluctuations in the area and

the persistence of this pivotal coastal marine habitat are unknown. Using very

high-resolution satellite imagery to map kelp forests over two decades, we

present the spatial changes in kelp forest area within the Salish Sea, before

(2002 to 2013) and after (2014 to 2022) the ‘Blob,’ an anomalously warm period in

the Northeast Pacific. This analysis was spatially constrained by local

environmental conditions. Based on nearshore sea surface temperatures (SSTs)

from four decades (1984–2022), we found two periods of distinct increases in

SST, one starting in 2000 and another in 2014. Further, the highest SST anomalies

occurred on warmer coastlines in the enclosed inlets and the Strait of Georgia,

while smaller anomalies were found on colder coastlines near the Strait of Juan

de Fuca and the Discovery Passage. The total area of bull kelp forests from 2014

to 2022 has decreased compared to 2002 to 2013, particularly in the northern

sector of the Salish Sea. Using the satellite-derived kelp data, we also present an

analysis of kelp persistence compared with historical distribution of kelp forests

depicted on British Admiralty Nautical Charts from 1858 to 1956. This analysis

shows that warm, sheltered areas experienced a considerable decrease in

persistence of kelp beds when compared to satellite-derived distribution of

modern kelp, confirming a century-scale loss. In particular, the presence of

kelp forests in the Strait of Georgia and on the warmest coasts has decreased

considerably over the century, likely due to warming temperatures. While the
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coldest coasts to the south have maintained their centennial persistence, the

northern Salish Sea requires further research to understand its current dynamics.

This research contributes to a wider understanding of temporal and spatial

factors for kelp from the regional perspective of the Salish Sea.
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1 Introduction

In natural history, persistence is understood as a population or

species that did not become locally extinct during a given period of

time, or if it did, it recolonized the area within certain reference

bounds (Connell and Sousa, 1983). This definition recognizes the

inherent variability of ecosystems in the real world, which can be

particularly extreme in marine environments (Dayton et al., 1998).

Abiotic factors such as patch size, rocky substrate, or wave velocity

can increase the overall persistence of foundation species like kelp

forests (Young et al., 2016). However, the lack of long-term,

continuous surveys may underestimate the roles that biological

and physical interactions plus anthropogenic impacts have exerted

on them (Dayton et al., 1998). Paleoecological, archaeological, and

historical proxies can provide some clues about kelp forest presence

in the past (Jackson et al., 2001), allowing for the creation of

accurate baselines of ecological persistence and informed

perspectives toward effective management and conservation of

this crucial habitat.

Monitoring kelp forests is becoming crucial for several reasons,

such as their role as habitats for a multiplicity of organisms,

including some of economic importance like salmon (Shaffer,

2003). They also play an important role in atmospheric carbon

removal and sequestration (Pedersen et al., 2021) and have critical

value to local and indigenous communities (Turner, 2001; United

Nations Environment Programme, 2023; Wernberg et al., 2019),

among other existential values (United Nations Environment

Programme, 2023). Therefore, monitoring efforts have been

conducted to estimate their trends globally (Krumhansl et al.,

2016) and, specifically in British Columbia, kelps are conservation

priorities for informing the development of a regional marine

protected area (MPA) network (Gale et al., 2019; MPA Network

BC Northern Shelf Initiative, 2023), currently under development.

In order to create a kelp monitoring framework, it is important

to define the spatial and temporal bounds of the targeted kelp

habitat. For example, choosing to study when kelp forests changed

from a non-intervened starting point is challenging to achieve since

the coast has seen continuous human occupation for more than

20,000 years in the North American Pacific region (Erlandson et al.,

2007). However, there is an overall consensus that during the

industrial era, several types of disturbances—such as overfishing,
02
mechanical destruction of habitats, and climate change—have

altered these ecosystems deeply (Dayton et al., 1998; Jackson

et al., 2001; Steneck et al., 2002).

For a broader perspective to determine a starting point before

the effects of the industrial era, important information sources are

the traditional knowledge of local First Nations (Kobluk et al., 2021)

and archaeological records (Dillehay et al., 2008; Erlandson et al.,

2007). Historical records can also be used to document kelp

distribution and help establish a baseline that goes back to the

times of European exploration. This is the case for historical floating

kelp records based on 1850s British Admiralty Charts in British

Columbia (Costa et al., 2020) and Washington State (Berry et al.,

2021; Pfister et al., 2017).

For the most recent past in the Northeast Pacific, satellite

imagery has provided estimations of change from the decade of

1970s (Gendall et al., in prep.; Mora-Soto et al., 2024), 1980s (Bell

et al., 2015, 2020, 2023; Cavanaugh et al., 2011; Hamilton et al.,

2020; Man et al., in prep; McPherson et al., 2021; Nijland et al.,

2019), and from the decade of 2000s on (Cavanaugh et al., 2019;

Mora-Soto et al., 2024; Schroeder et al., 2020). The gap between the

historical and the contemporary (satellite-derived) kelp records in

British Columbia has not been filled yet.

A recent paper by Mora-Soto et al. (2024) analyzed the

resilience of bull kelp (Nereocystis luetkeana) forests from 2005 to

2022 in the southern Salish Sea of British Columbia, including a

sentinel site at the southern end of Vancouver Island with data

spanning back to 1972. There, kelp forests generally showed signs of

resilience to increased temperatures, probably due to a combination

of fewer marine heatwaves and a higher frequency of extreme wind-

wave motion during the growth season from 2020 to 2022 (Mora-

Soto et al., 2024). This study, nevertheless, lacks perspective on the

long-term trends in the greater Salish Sea ecosystem. Century-old

kelp records from an adjacent region, the Strait of Juan de Fuca,

confirmed that kelp forests have generally persisted, although they

have diminished in the eastern limit (Pfister et al., 2017). In

southern Puget Sound, bull kelp distribution has shown losses of

up to 96% compared to an 1878 baseline (Berry et al., 2021). Sea

surface temperature in the Salish Sea has shown an increase over the

century (Pfister et al., 2017) by 0.57°C per decade (Amos et al.,

2014), with an even warmer anomaly event in the North Pacific

called the ‘Blob’ of 2014–2019 (Bond et al., 2015) and analogous
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events (Chen et al., 2021) that maintained lingering effects even in

deep water (Jackson et al., 2018). As ocean warming is a clear threat

to kelp forest persistence globally (Schiel et al., 2004; Smale, 2020),

increasing nearshore temperatures may result in limited kelp

presence in the Salish Sea over a longer time frame.

Here, we complement the resilience work by Mora-Soto et al.

(2024) by analyzing the long-term persistence of floating kelp

canopies of Nereocystis luetkeana (kelp hereafter) in the Salish Sea

of British Columbia. The objectives of this research are twofold: to

determine the change in areal extent in modern kelp during the

period called the Blob and the years after (2014–2022) compared

with previously mapped kelp areas from 2002 to 2013; and to define

the long-term persistence of kelp over the century. For this analysis,

we used high-resolution satellite-derived kelp areal extent to

determine modern changes. Our long-term baseline is the oldest

published records of kelp presence based on British Admiralty

Nautical Charts from the late 19th to the early 20th centuries (Costa

et al., 2020). In order to facilitate comparisons within this

geographical area, the coastline was divided into clusters of

similar environmental conditions. Additionally, spring and

summer sea surface temperatures (SSTs) from 1984 to 2022 were

used to characterize nearshore SST trends along this extensive

coastline. This research adds crucial temporal and spatial data for

a more comprehensive understanding of the Salish Sea nearshore

ecosystem. Additionally, it brings a wider perspective about the

geographical diversity of nearshore ecosystems located along

temperate coastlines.
2 Methods

2.1 Environmental clusters

The study area spanned the British Columbian section of the

Salish Sea, from the southern limit of the Johnstone Strait (50.37° N)

to the Strait of Juan de Fuca (48.25°N) (Figure 1). In this research, the

northern Gulf lslands are Denman, Hornby, Lasqueti, and Texada,

whereas the southern Gulf Islands are Pender, Mayne, Salt Spring,

Galiano, Penelakut, Thetis, and Gabriola, among others not

mentioned in the text. The coastline of the study area was classified

by environmental clusters (clusters hereafter), defined by the spatial

distribution of abiotic factors, following a method developed by

Mora-Soto et al. (2024). The variables used in this study were:

nearshore Landsat-derived SST (Wachmann et al., 2024);

climatology in spring and summer (see section 2.2); fetch or

distance to the closest shore, measured as the linear distance in a

360° radius (Gregr et al., 2019); modelled wind speed at 10 m height,

expressed as m/seg, obtained from the Global Wind Atlas version 3.3

(Davis et al., 2023); modelled tidal current in m/s (Foreman et al.,

2004); and satellite-derived total suspended matter (TSM) for spring

and summer (mg/L) (Giannini et al., 2021). These variables were

sampled by alongshore points located 1000 m apart and 300 m away

from the coastline. Each variable was summarized by the mean of

values falling within a 100 m buffer around each point using zonal
Frontiers in Marine Science 03
statistics. This dataset was clustered using K-means (Hartigan and

Wong, 1979) in R (R Core Team, 2024).

The environmental partition of the coastline resulted in five

clusters encompassing the main characteristics of the study area

(Figures 1, 2). Cluster 1 is the coldest coast, with a mean SST

climatology in spring and summer of 10.6°C and 12.0°C,

respectively. This cluster has the longest tidal amplitude current,

with a mean of 0.49 m/s. Cluster 2 is a moderately sheltered coast

with a mean fetch of 178 km and a slightly higher temperature, with

mean values of 12.2°C and 14.0°C for spring and summer,

respectively. Cluster 3, in the Strait of Georgia, has higher

temperatures (mean of 15.4°C and 18.3°C for spring and

summer) and is particularly exposed, resulting in higher fetch

(mean of 716 km) and wind speed (mean of 4.5 m/s). The highest

mean temperatures are found in Cluster 4 (15.8°C and 18.8°C for

spring and summer), as the most sheltered coast with a mean wind

speed of 2.5 m/s and fetch of 157 km. Cluster 5 is characterized for

having the highest TSM of the Salish Sea (mean of 15 mg/L), mainly

due to the plume of sediments from the Fraser River, thus

preventing this area from having any kelp presence. Lacking kelp

beds, Cluster 5 is not considered in the rest of the kelp analysis.
2.2 Nearshore SST

Nearshore sea surface temperature records for four decades

(1984–2022) were seasonally selected by spring and summer values

to characterize thermal conditions during the growth season for bull

kelp (Springer et al., 2010). Nearshore SST was obtained from

thermal bands from the Landsat constellation (courtesy of the U.S.

Geological Survey), available in Google Earth Engine (Gorelick

et al., 2017) and validated as a reliable source to obtain nearshore

temperature data (Wachmann et al., 2024). The temporal coverage

for each satellite was 1984–2011 for Landsat 5, 1999–2002 for

Landsat 7, 2013–2022 for Landsat 8, and 2022 for Landsat 9. SST

was extracted from an algorithm designed to integrate different

sensors and spatially overlapping imagery into a seasonal mosaic.

For every spring (May, June) and summer (July, August) season, the

image collection was filtered by selecting images of 50% or less

cloud coverage. The thermal pixel values from the filtered collection

were scaled, cloud-masked, and transformed from Kelvin to Celsius,

according to Wachmann et al. (2024). Two additional filters of

temperatures <7.0°C and the 30th percentile of the lowest values

were applied to discard any possible fog contamination on the

image. If the average value of the SST collection was within 1.5

standard deviations, it was considered a valid pixel to represent the

seasonal temperature; if not, the value was discarded.

The resultant seasonal mosaic was spatially joined to the sampling

points that were used as input for the cluster analysis (see section 2.1)

using the Spatial Join tool, whereas missing values were interpolated

using the Kriging tool in ArcGIS 10.8.1. As a result, seasonal temperature

per year from 1984 to 2022 was added to the table of attributes of the

points. Themean of this dataset was the seasonal climatology used in the

environmental cluster definition (see section 2.1).
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2.3 High-resolution satellite maps of kelp

Modern-day kelp, from 2002 to 2022 (modern kelp hereafter), was

mapped with archived high-resolution imagery of <6 m of spatial

resolution, which had a modest coverage for the northern sector of the

Salish Sea due to cloud cover and imagery quality (see annual coverage

in Supplementary Figures S1, S2). This dataset was grouped into two

main periods: 1) the years before the Blob (2002–2013), hereafter called

PreBlob, and 2) the period encompassing the Blob and subsequent

years (2014–2022), Blob+Post hereafter. Kelp was mapped by

classifying high-resolution remote sensing imagery from the summer

peak (July or August) at the lowest tide. The procedure follows previous

research (Cavanaugh et al., 2021; Gendall et al., 2023; Mora-Soto et al.,
Frontiers in Marine Science 04
2024; Schroeder et al., 2019) and is summarized as follows: the

corrected and georeferenced image was masked from the lowest tide

mark to 40 m depth (low tide mask hereafter). Normalized Difference

Vegetation Index (NDVI; Kriegler et al., 1969), Green Normalized

Difference Vegetation Index (GNDVI; Gitelson et al., 1996), near-

infrared bands, and visible enhanced bands were segmented using the

multi-resolution segmentation tool and classified into kelp and no-kelp

classes in the eCognition software (Trimble Germany GmbH, 2021)

using expert knowledge. The outputs were maps of the maximum kelp

extent observed per year. These classifications were compared with

Google Earth imagery, ancillary data, and anecdotal observations.

Additional validation was conducted with in-situ mapping surveys

from different years, resulting in an accuracy of 70%.
FIGURE 1

Map of the study area, including the toponyms mentioned in this research. The coastline is classified into clusters defined by similar environmental
conditions, represented by points. The main polygons represent the total coverage of the high-resolution imagery available from 2002 to 2022.
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2.4 Historical kelp surveys from the 19th
and 20th centuries

The earliest written historical source of kelp distribution in

British Columbia comes from the British Admiralty Nautical

Charts (historical kelp hereafter), published from 1858 with

successive updates until 1956 (Costa et al., 2020). Kelp canopies

were often depicted as dendritic features, particularly in detailed,

fine-scale charts (<1:10,000), as they posed dangers to navigation

(Imray, 1870). Costa et al. (2020) georeferenced the complete
Frontiers in Marine Science 05
dataset of nautical charts of the province, and kelp features were

digitized as a multi-polygon shapefile layer. The reliability of those

locations was then calculated by comparing them within a

bathymetry range of 40 m, resulting in 99% reliability. However,

given the diversity of scales and accuracies of the depicted kelp,

our analyses relied on their distributions instead of areal extents.

Non-kelp in the nautical charts may either represent a generalized

representation of coastlines or the actual absence of kelp. For this

reason, we only used the mapped historical kelp records for

this analysis.
FIGURE 2

Box and whisker plots characterizing the clusters by variables; the point in the center denotes the mean. SST, Sea Surface Temperature; TSM, Total
Suspended Matter. (A) SST climatology in spring (°C). (B) SST climatology in summer (°C). (C) Mean wind speed (m/s). (D) Tidal amplitude (m/s).
(E) TSM spring (mg/L). (F) TSM summer (mg/L). (G) Fetch (m). Cluster 1 represents the coldest areas with the highest current; Cluster 2 is moderately
cold and semi-sheltered; Cluster 3 is the exposed coast in the Strait of Georgia; and Cluster 4 is the most sheltered and warmest coast. Cluster 5 is
the coastline with the highest total suspended matter in the Salish Sea.
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2.5 Spatial and statistical analysis

Our spatial analysis was conducted by kelp area comparisons

between PreBlob and Blob+Post periods, nearshore SST anomalies

per cluster, and kelp persistence of historical versus modern

distributions (PreBlob and Blob+Post). To compare PreBlob with

Blob+Post periods, the intersecting kelp area between the PreBlob and

Blob+Post imagery coverages was chosen for analysis. The kelp layers

from both periods were spatially analyzed within the scale of segments

per cluster, as defined in section 2.1. The segments were defined by

the Voronoi distance among the alongshore points that intersected

with the low tide mask, consisting of polygons of ~1000 m in length.

Mapped kelp layers were spatially merged to the segments, adding

kelp area per segment (m2) as a variable. The non-parametric

Kruskal-Wallis chi-square test (Kruskal and Wallis, 1952) was used

to identify significant changes in kelp area per period (PreBlob and

Blob+Post) and cluster. Further, the study area was divided into a

northern sector and a southern sector to avoid underrepresentation of

the generally smaller northern kelp area.

The climatological baseline was defined by extracting the

averages of nearshore SSTs from 1984–2022 per cluster and

season (spring and summer) for the entire study area. The data

was compared with the seasonal nearshore SSTs per cluster by

calculating their anomalies as the difference between the nearshore

SST per cluster (by season and year) and their averages. The

Kruskal-Wallis test was used to examine temporal patterns that

could constitute specific periods of anomalies. For each period, the

difference in positive and negative values was used to describe

significant anomaly patterns and to identify differences

among clusters.

Lastly, the analysis was restricted to the historical distribution of

kelp beds from nautical charts to identify kelp persistence. If

historical kelp presence matched PreBlob or Blob+Post kelp

presence at the same segment, the segment was classified as

containing persistent kelp from historical to modern times. If not,

the segment was classified as non-persistent kelp.
3 Results

3.1 Nearshore SST anomalies and trends

Thermal anomalies of nearshore SST show three main periods

within the 1984–2022 baseline (Figures 3A, B). First, there was an

initial period of predominantly colder anomalies (0.0 to -3.0°C in

spring and summer) from 1984 until 1999. A second period,

starting in 2000, varied within a range of -3.0 to +3.0°C in spring

and -2.0 to +2.0°C in summer. Finally, a third period, starting in

2014, had a predominance of warmer anomalies in both the spring

and summer seasons.

Mean SSTs for Cluster 1, representing the coasts with the

coldest waters (see the temperatures in Table 1) and the highest

tidal currents, increased by 1.0°C for the spring and summer

seasons over four decades. Cluster 2, representing slightly warmer

and semi-sheltered coasts, expressed a mean increase of 1.6°C in the
Frontiers in Marine Science 06
spring and 2.0°C in the summer. Cluster 3 had an average increase

of around 2.0°C for both seasons in the Strait of Georgia. Finally,

Cluster 4, representing the warmest and most sheltered coastlines,

showed an increase higher than 2.0°C in SSTs for both seasons. The

nearshore SST per cluster and season did not change significantly

from the northern to the southern sectors. All of the temporal

changes across periods were statistically significant (Kruskal-Wallis

test p-value <0.005).
3.2 High-resolution mapped kelp changes

The total kelp area mapped from 2002 to 2022 with high-

resolution imagery in the study area was 2,086 hectares. Kelp forests

largely dominated the southern sector from Burrard Inlet to

southern Vancouver Island (Figure 1). The northern sector had

more narrow kelp forests—smaller than one hectare per segment—

along the coastline of islands and channels (Figures 4A, B).

Specifically, the PreBlob distribution (Figure 4A) spanned the

complete Salish Sea; the larger areas in the southern sector (>6 ha)

were located along the coasts in the Strait of Juan de Fuca (Cluster 1

south), some semi-sheltered coasts in the southern Gulf Islands

(Cluster 2 south), and Burrard Inlet (Clusters 1 and 2 south). In

the northern sector, relatively small and narrow but continuous kelp

forests (between 1.5 to 6.0 ha) were present at Discovery Passage and

Quadra Island (Clusters 1 and 2 north). Small (<1.5 ha) and relatively

continuous forests were in the Strait of Georgia, particularly at

Galiano, Lasqueti, Texada, and Hornby Islands (Cluster 3 north),

while sparse kelps were found in more sheltered inlets (Cluster 4

north). The Blob+Post map (Figure 4B) showed a smaller and more

scattered distribution of kelp, with an absence of kelp in the central

Salish Sea (Strait of Georgia, Cluster 3 north), particularly around the

northern Gulf Islands, as well as the Discovery Passage and Quadra

Island (Clusters 1 and 2 north). In contrast, small but continuous kelp

beds were mapped in the southern Gulf Islands (Clusters 2 and 4

south). The distribution of kelp beds in Cluster 1 south in the Strait of

Juan de Fuca matched the PreBlob period, although the sizes of the

beds were relatively smaller.

Changes in kelp abundance were evident per cluster and sector

(north and south), either in the total area per cluster (Figure 5A) or as

area per segment (Figure 5B). The majority of the small kelp beds

mapped in the northern sector in the PreBlob period were not

detected in the Blob+Post period, meaning that kelp was not

present or the density of the canopies was too negligible to be

detected with the high-resolution remote sensing imagery. At the

cluster level (Figures 5A, B), the northern sector showed large and

significant declines in area per segment (Kruskal-Wallis test p-value

<0.05), in Cluster 1, Cluster 2, and Cluster 4 (1.8 ha PreBlob to 0.4 ha

in Blob+Post). Despite having less kelp presence in the northern Gulf

Islands, the total area in Cluster 3 remained relatively constant. In the

southern sector, Cluster 1 in the Strait of Juan de Fuca and Cluster 3

in the southern part of the Strait of Georgia had reductions in total

area from PreBlob to Blob+Post. In contrast, the semi-sheltered and

sheltered coasts of Clusters 2 and 4 in the interior of the Gulf Islands

showed significant increases in total area of kelp.
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3.3 Historical assessment of
kelp persistence

Historical kelp was compared to PreBlob and Blob+Post periods

to identify their persistence within a century time scale. The

historical kelp forests compared to the PreBlob distribution

(Figure 6A) showed a relatively high persistence of continuous

kelp beds in the extreme north (Discovery Passage and around
Frontiers in Marine Science 07
Quadra Island, Clusters 1 and 2), the southern sector (Strait of Juan

de Fuca and southern Gulf Islands, Burrard Inlet), and some groups

of persistent kelp near Texada and Lasqueti Islands. Non-persistent

kelp areas dominated the central part of the Strait of Georgia

(Cluster 3). On the other hand, the historical distribution

compared to the Blob+Post period (Figure 6B) showed that non-

persistent kelp dominated the Strait of Georgia from the southern

Gulf Islands (Galiano, Penelakut, and Thetis Islands) to Quadra
B

A

FIGURE 3

Nearshore sea surface temperature anomalies per cluster in (A) spring and (B) summer; the values in the right corner show the total average from
1984 to 2022. Bold-dashed lines indicate the periods 1984–1999, 2000–2013 (PreBlob), and 2014–2022 (Blob+Post). The vertical line with * in
2002 indicates the initial year of the high-resolution mapping classification.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1446380
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Mora-Soto et al. 10.3389/fmars.2024.1446380
Island in the northern extreme of the Salish Sea. Kelp persistence

remained in Burrard Inlet, southern Vancouver Island, and the

southern Gulf Islands.

Summarizing these changes at the Cluster and sector level

(Figure 6 and Table 2), the northern sector had a historical kelp

baseline presence of 179 segments. Among them, 45% were non-

persistent in the PreBlob period and 79% in the Blob+Post period. The

most exposed coastlines to high tidal current and colder temperatures

(Cluster 1), as well as more sheltered areas (Cluster 2), show a

moderate reduction in the PreBlob period that increased sharply in

Blob+Post, suggesting that an important reduction occurred in recent

years. On the exposed coasts in the Strait of Georgia (Cluster 3), a

small fraction of historical kelp persisted in the PreBlob period, which

also decreased for the Blob+Post. The warmest and most sheltered

areas (Cluster 4) had a small record of historical kelp that was reduced

to two and one segments in the PreBlob and Blob+Post

periods, respectively.
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In the southern sector (Figure 6 and Table 2), the coldest

coastlines show a noticeable long-term persistence among the 474

segments with historical kelp records. In general, 30% of the historical

kelp were non-persistent in the PreBlob and Blob+Post periods. Most

of the change occurred in the warmest and most sheltered areas of the

southern sector (Cluster 4) and some reductions in Clusters 2 and 3;

Cluster 1 remained stable in PreBlob and Blob+Post periods.
4 Discussion

4.1 General overview of kelp trends in the
Salish Sea

Nearshore ecosystems are spatially and temporally variable,

therefore, studies considering large spatial and temporal scales can

more accurately identify patterns of change in presence and
TABLE 1 Descriptive statistics of nearshore SST (°C) per season and cluster.

Season Cluster Period Min 1st Q. Median Mean 3rd Q. Max

Diff with
1984–
1999

S
p
ri
ng

1 1984–1999 9.6 10.0 10.2 10.2 10.3 10.8

2000–2013 9.5 10.2 10.6 10.7 11.4 12.1 0.5

2014–2022 10.3 11.1 11.2 11.2 11.4 12.1 1.0

2 1984–1999 10.9 11.3 11.5 11.5 11.9 12.2

2000–2013 10.1 11.8 12.4 12.3 13.0 13.6 0.8

2014–2022 12.0 12.5 13.4 13.2 13.6 14.1 1.6

3 1984–1999 12.9 13.8 14.5 14.6 15.0 17.6

2000–2013 13.0 14.5 15.0 15.6 16.8 18.3 1.0

2014–2022 14.1 15.8 16.4 16.4 16.9 18.2 1.7

4 1984–1999 13.1 13.9 15.0 14.8 15.3 17.8

2000–2013 13.2 15.1 16.3 16.0 17.4 18.4 1.2

2014–2022 15.4 16.0 17.3 17.1 17.6 18.7 2.3

S
um

m
er

1 1984–1999 10.3 11.1 11.3 11.3 11.4 12.7

2000–2013 10.8 11.9 12.4 12.1 12.6 12.8 0.8

2014–2022 12.4 12.7 12.9 12.9 13.1 13.4 1.6

2 1984–1999 11.3 13.1 13.3 13.3 13.7 14.1

2000–2013 13.1 13.8 14.4 14.1 14.5 15.2 0.9

2014–2022 14.8 15.1 15.3 15.3 15.5 16.2 2.0

3 1984–1999 15.5 16.6 17.3 17.3 18.0 19.3

2000–2013 17.7 18.1 18.4 18.5 18.9 20.4 1.2

2014–2022 17.6 19.2 20.1 19.7 20.4 20.6 2.4

4 1984–1999 16.6 17.3 17.9 17.8 18.2 19.0

2000–2013 17.3 18.4 18.9 19.0 19.5 20.7 1.2

2014–2022 19.1 20.1 20.3 20.3 20.6 21.5 2.5
Periods in this table are from 1984 to 1999; from 2000 to 2013; and from 2014 to 2022. The last column refers to the mean differences (°C) of 2000–2013 and 2014–2022 compared with
1984–1999.
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persistence (Steneck et al., 2002). In that regard, a dataset with long

enough time frame and/or broad enough area can help to provide an

understanding of kelp persistence beyond what is available to

monitor with satellite imagery. This study used high spatial

resolution satellite-derived kelp maps to compare areas and

presence of kelp in PreBlob versus Blob+Post periods, and it also

compared these periods with a baseline of historical nautical charts

and nearshore SST. Our aim was to provide the first large spatial and

temporal analysis of the long-term persistence of kelp in relation to

the most recent effects of the Blob in the Salish Sea, an enclosed sea

representing 3300 km of coastline of British Columbia, Canada. In

the last two decades, the PreBlob and Blob+Post periods show a

general decline in kelp area in the northern sector and stability in the

south. However, century-old records bring a new perspective on

these observations.

The comparison of the PreBlob with the Blob+Post period shows

that kelp in the northern section of the Salish Sea decreased

considerably in terms of area and distribution. A possible

explanation for these results is the magnitude of nearshore SST

anomalies using a baseline of four decades (1984–2022).

Our nearshore SST records display an acute span of higher

temperatures during and after the Blob anomaly of 2014–2019 (Blob

+Post period). However, this increase was already preceded by an

anomaly period of higher SST that started in 2000, which is in line with
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earlier studies (Amos et al., 2014). In the warmest coasts (Clusters 3 and

4), the Blob+Post spring and summer temperatures are 2.0°C higher

than in the 1984–1999 period. For these regions, these anomalies

represent temperatures near the lethal limit for gametophytes and blade

tissue (20.0°C), especially during long periods (Supratya et al., 2020;

Weigel et al., 2023). Consequently, we infer that the total area and likely

density of kelp canopies were negatively impacted, making them less

functional as forests.

To a certain extent, the local decrease of kelp in the warmer

coastlines of the Salish Sea can be related to similar events affecting the

broader Northeast Pacific region, including the Blob of 2014–2019.

Prolonged and extreme marine heatwaves exerted devastating changes

on kelp forests, shifting large areas of kelp habitat from previously

healthy ecosystems to infertile urchin barrens (Arafeh-Dalmau et al.,

2019; Cavanaugh et al., 2019; Rogers-Bennett and Catton, 2019).

Previous anomalous warming events combined with intense storm

activity and dampened nutrient levels meant a reduction in kelp growth

and life span (Dayton and Tegner, 1984; Tegner et al., 1997). Although

the nature and extent of kelp fluctuations have shown to be variable at

the local level (Cavanaugh et al., 2019; Mora-Soto et al., 2024; Starko

et al., 2022, 2024), absolute and relative high temperatures beyond a

stressing level are frequently associated with devastating kelp loss and

co-occurrence of cascading effects in the associated ecosystem

(Cavanaugh et al., 2019; McPherson et al., 2021).
FIGURE 4

Kelp area during: (A) PreBlob (2002–2013), and (B) Blob+Post (2014–2022). In (A, B), the size of the circles represents area per segment.
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In contrast, the coldest coasts in the northern sector, represented

by Clusters 1 and 2, were warmer by 1.0°C in spring and summer

compared to the 1984–1999 baseline but remained within the thermal

tolerance limit (<17.0°C) (Springer et al., 2010; Supratya et al., 2020).

The reasons for the kelp decrease in these clusters remain unclear and

require further studies. The southern section of the Salish Sea

remained relatively stable compared with the northern section.

Kelp beds changed in area from PreBlob to Blob+Post (-140.7 ha

in Cluster 1, +142.1 ha in Cluster 2, -10.8 ha in Cluster 3, +3.8 ha in

Cluster 4), but their distributions remained at similar locations,

suggesting that area fluctuations do not necessarily mean strong

drops in presence. This affirmation is supported by earlier research

on kelp resilience in this area (Mora-Soto et al., 2024).

Our data indicates that persistent kelp happens in Clusters 1

and 2 in the southern sector. This result could be explained by local
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variables, such as nutrient availability and currents. Nutrient

availability driven by freshwater inputs from the Fraser River

(Khangaonkar et al., 2021) and others could support kelp

presence, given that increased nitrogen positively increases the

density and size of sporophytes within the thermal tolerance limit

of 20.0°C (Weigel et al., 2023). In previous research, Berry et al.

(2021) have indicated that currents, either by superficial wave

velocity or deep-water mixing, play an important role in kelp

persistence in the Puget Sound region of the Salish Sea because

high hydrodynamic flows can bring nitrogen and other nutrients to

the kelp. As Clusters 1 and 2 south are represented by high tidal

amplitude current (m/s), high fetch, and lower SSTs, their behavior

support Berry et al. (2021)’s observations of kelp persistence at

highly dynamic and enhanced nutrient areas. In that case, high

fetch could be a complementary factor that helps sustain kelp
FIGURE 5

(A) Kelp total area by cluster corresponding to the northern and southern sectors of the Salish Sea during PreBlob (2002–2013) and Blob+Post
(2014–2022) periods. (B) Kelp area per coastal segment by period, cluster, and sector. The asterisks indicate significant differences (Kruskal-Wallis
test p-value <0.005).
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resilience under thermal stress and contributes to long-term

persistence (Mora-Soto et al., 2024; Pfister et al., 2017), as well as

the wind-motion regime that could potentially increase kelp

resilience (Mora-Soto et al., 2024). Lacking high fetch or large

freshwater inputs, Clusters 1 and 2 in the northern sector show less

resilient kelp than in the south.

4.2 Historical and ecological perspectives
of the Salish Sea kelp ecosystem

The persistence assessment, comparing PreBlob and Blob+Post

periods with the historical baseline, reveals that kelp beds in the
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northern sector of the Salish Sea are present in a minor portion of

the places where they existed in the late 19th and early 20th

centuries (55% and 21% of persistent kelp, respectively). Most of

the decreases in the northern sector occurred before the PreBlob

times in the warmest coastlines and the Strait of Georgia, while a

recent drop occurred in the Blob+Post times in the coldest and

semi-sheltered coastlines. On the other hand, the coldest coasts in

the southern sector, in the Strait of Juan de Fuca, show a constant

30% loss compared to the historical kelp baseline, implying that the

fluctuations of the last decades do not reflect significant changes in

long-term persistence. This result aligns with previous regional

research in Washington State (Berry et al., 2021; Pfister et al., 2017).
FIGURE 6

Comparison of historical long-term persistence of kelp from historical records with the (A) PreBlob period (2002–2013) and (B) the Blob+Post
period (2014–2022). In (A, B), crosses represent non-persistence and circles represent persistence classified by cluster, compared with the historical
nautical charts (1858–1956) from Costa et al., 2020. Donut charts at both sides summarize the persistence of the clusters in the northern (N) and
southern (S) sectors of the Salish Sea.
TABLE 2 Summary of the long-term persistence of segments in the northern and southern sectors of the Salish Sea (illustrated in Figure 6).

Sector Cluster Nautical Charts PreBlob Blob+Post

North = 179 segments

Cluster 1 22 (12%) 13 (7%) 6 (3%)

Cluster 2 61 (34%) 54 (30%) 18 (10%)

Cluster 3 85 (47%) 29 (16%) 12 (7%)

Cluster 4 11 (6%) 2 (1%) 1 (1%)

Non-persistent 81 (45%) 142 (79%)

South = 474 segments

Cluster 1 90 (19%) 90 (19%) 89 (19%)

Cluster 2 234 (49%) 177 (37%) 192 (41%)

Cluster 3 81 (17%) 57 (12%) 49 (10%)

Cluster 4 69 (15%) 8 (2%) 5 (1%)

Non-persistent 142 (30%) 139 (29%)
The numbers in PreBlob and Blob+Post refer to segments (%) compared to the Nautical Charts baseline.
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In previous research, Mora-Soto et al. (2024) showed that kelp

located around southern Vancouver Island and the southern Gulf

Islands (southern sector in this research) were resilient to marine

heatwaves that occurred between 2014 to 2019. In this study, we

show that in warmer locations like Cluster 4, a small fraction of kelp

had persisted compared to a century ago, indicating that the decline

happened before the decade of 2010. This finding largely agrees

with previous research spanning 145 years in the southern Puget

Sound, in the southern Salish Sea (Berry et al., 2021).

Other factors not analyzed in this research that may have played

a role in long-term trends of kelp persistence include the presence

(or lack) of nutrients (Weigel et al., 2023), plus effects of herbivory

from urchins (Estes et al., 2016; Estes and Duggins, 1995; Wilmers

et al., 2012) and kelp crabs (Dobkowski, 2017), with limited

presence of predators like sea otters (Enhydra lutris). Century-

long assessments have demonstrated that sea otters are drivers of

kelp recovery and area increases (Hollarsmith et al., 2024;

Nicholson et al., 2024). However, archaeological records show

that sea otters have been nearly absent in the Salish Sea for the

past 8,000 years (McKechnie and Wigen, 2011), contrary to the

Strait of Juan de Fuca and the western side of Vancouver Island

(Klinkenberg, 2012; Nichol et al., 2020). In contrast, spatial

distribution models of green, red, and purple urchins in the Salish

Sea built from species occurrence records from 2005–2021 (Nephin

et al., 2020), provided in the Supplementary Material, show a high

likelihood for the occurrence of red (Supplementary Figure S5) and

green (Supplementary Figure S6) urchins in both the northern and

the southern borders of the Salish Sea, matching kelp distribution

patterns. The urchin-kelp-sea otter link is a well-known factor

contributing to kelp persistence in the Northeast Pacific due to

the key ecological role of sea otters in exerting top-down control on

kelp herbivory (Estes et al., 2016; Estes and Duggins, 1995; Wilmers

et al., 2012). Since there is a relative lack of sea otters in the Salish

Sea, there may be more impact from urchins driving declines or

preventing recovery of kelp after stressing periods like the Blob, but

comparisons of past versus modern records to support that

correlation are missing. Further studies that take these dynamics

into account will need to be undertaken.

Another important factor to consider in future research is the

role of anthropogenic disturbances (Dayton et al., 1998; Steneck

et al., 2002) that could add more pressure on kelp already stressed

by ocean warming. Our data show that relatively century-persistent

kelp areas remain in highly populated areas like Burrard Inlet in

Vancouver (Cluster 2) and around the Greater Victoria area

(Clusters 1 and 2). However, a recent drop in kelp persistence

occurred near Quadra Island and the Discovery Passage (Clusters 1

and 2), which is a narrow pass within the Salish Sea extending to the

north of Vancouver Island, with relatively low levels of modern

human occupation. Still, there are visible effects of land use changes,

including logging, major shipping traffic routes, and industrial

activities, among others (Hollarsmith et al., 2022). This area

(Clusters 1 and 2 north) is characterized by the coldest clusters in

which, for the period of analysis, temperatures did not reach sub-

lethal levels for kelp growth (beyond 20.0°C; Supratya et al., 2020).

Evaluating the effects of mechanical removal of fronds, pollution, or

other types of disturbances could give more clues on the reasons for
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the decrease in remote and less populated areas, considering that

urbanization and other economic activities such as lumber

production and fishing have largely degraded ecosystems on the

eastern border of the Strait of Juan de Fuca and Puget Sound (Berry

et al., 2021; Pfister et al., 2017).
4.3 Use of remote sensing data to
determine long-term changes of kelp in
the study area

We acknowledge both the strengths and limitations of our

remote sensing approach. In the northern section, our modest

imagery coverage (limited by cloud cover and archived data

availability) for modern kelp was mainly represented by narrow

kelp beds along the coastline, while the more comprehensive

available imagery for the southern section showed more extensive

kelp beds. Narrow kelp beds are prevalent on the coastlines of

British Columbia, characterized by high-slope bathymetries and a

complex geography of islands and channels (Cavanaugh et al., 2021;

Gendall et al., 2023). In these areas, kelp beds are prone to more

uncertainties when mapped with medium-resolution (~30 m)

satellite imagery versus areas of low-slope bathymetries where

kelp areas are generally larger (Gendall et al., 2023; Mora-Soto

et al., 2021; Nijland et al., 2019). For this reason, this research used

only high-resolution imagery, which is limited in frequency but

brings the best results at detecting kelp in this region. In the

northern sector, the lack of modern kelp does not necessarily

mean that kelps have vanished completely; currents, tidal

fluctuations, water mixing, and the frequency of available imagery

could have played a role in reducing their detectability (Cavanaugh

et al., 2021; Gendall et al., 2023). Additionally, the semi-stochastic

nature of Nereocystis (Springer et al., 2010) can cause significant

variability in detecting kelp at the segment level (Mora-Soto et al.,

2024). Nevertheless, our protocol, which used very high-resolution

imagery compilation and a detailed mapping process, was designed

to detect and map conspicuous canopies. Therefore, our results

suggest that the northern canopies are not large or dense enough to

form functional underwater forests as found in the more extensive

kelp beds in the southern section of the study area. Our assemblage

of several coastline segments at the cluster level suggests that even

with very high-resolution imagery, there are fewer chances to detect

fringing kelp beds in modern records.
4.4 Management implications

The results of this study can inform present and future

management needs, such as managing kelp harvesting, identifying

potential marine protected areas, and prioritizing kelp restoration

projects in British Columbia and the Northeast Pacific

(Cavanaugh et al., 2021). Specifically, this research emphasizes that

realistic expectations for future restoration projects will be better

informed by considering both the historical baseline and local

environmental conditions. As the Strait of Georgia coastline and

most sheltered coastlines (Clusters 3 and 4) predominantly show
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non-persistent kelp in modern times compared to historical kelp,

restoring these habitats to reach the historical baseline may be a

difficult task, considering the present environmental conditions. The

recent kelp decrease in the northern area could be the focus of more

urgent attention, while the extreme southern reaches of the study area

do not seem to be of immediate concern unless environmental

conditions change. Further studies are recommended to understand

the causes of losses in remote areas, while more experimental in-situ

data could lead to a new chapter on the conservation and restoration

of coastal ecosystems in the Salish Sea.
5 Conclusion

This research explored the long-term persistence of kelp forests

in the Salish Sea of British Columbia, Canada, by comparing remote

sensing-derived modern snapshots (2002–2013 and 2014–2022),

representing PreBlob and Blob+Post conditions, respectively, and

contrasting them with historical kelp from the late 19th to early

20th centuries. These data were complemented with nearshore SST

from a baseline of four decades (1984–2022). Nearshore

temperatures showed a warming trend, with two anomaly periods

starting in 2000 and 2014. Further, higher temperature anomalies

occurred in warmer areas than in colder areas. The colder coasts in

the southern section, from southern Vancouver Island to the Gulf

Islands, fluctuated in kelp area but remained persistent in

comparison with the historical record. Kelp area also fluctuated

along the coasts of the Strait of Georgia and the most sheltered

coastlines, but kelp beds only persisted in small fractions compared

to their historical distributions. On the coldest coasts of the

northern section, kelp was seldom found in the 2014–2022

period, suggesting that more studies are required to understand

the underlying reasons for the area decrease along these coastlines.

Overall, given the clear evidence of increasing temperatures and

previous literature showing the adverse effects of temperature on

Nereocystis, further studies should consider nearshore SST among

the root causes that negatively impact kelp persistence. These data

could help to determine the best strategies for conserving and

restoring this ecosystem in present and future times.
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