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The impacts of local-scale temperatures and winds on bull kelp (Nereocystis luetkeana) vary along a coastal gradient, while also being influenced by corresponding global-scale oceanic conditions. Around Vancouver Island and the Gulf Islands, BC, Canada, bull kelp floating canopies were mapped using high-resolution imagery from 2005 to 2022, whereas the largest kelp bed of the area was mapped with medium-resolution imagery spanning from 1972 to 2022. In order to understand spatial patterns of kelp resilience, the abiotic characteristics were used to organize the coastline into four clusters, ranging from the coldest and most exposed coast to a more sheltered and warmer location. Additionally, local-scale sea surface temperatures, winds, and marine heatwaves were categorized by global-scale temporal conditions defined by the positive/negative oceanic oscillations of the Oceanic Niño Index (ONI) and Pacific Decadal Oscillation (PDO). Comparing spatial and temporal categories, we observed that years with positive ONI and PDO, in particular the 2014–2019 period, concentrated most of the marine heatwaves and the spring temperature peaks. However, there are some indications of an underlying long-term trend. During the period 2020–2022, when ONI and PDO were negative, summer temperatures kept increasing and wind displayed a higher frequency of extreme events. Mapped kelp showed different trends to these stressors: the coldest and most exposed area showed a constant presence of kelp during the entire period, even dating back to 1972. Warmer and semi-sheltered coasts increased in kelp percentage cover after the positive ONI+PDO period of 2014–2019, and the coasts facing the Strait of Georgia displayed a lower kelp percentage cover than the other clusters. In summary, bull kelp was resilient in the study area, but for different reasons: colder and more exposed coasts had the most favorable conditions for kelp, but warmer and more sheltered coastal kelp beds may have benefited from wind-wave forcing.
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1 Introduction

A long-standing topic in natural history is the categorization of patterns in marine communities (Paine, 1994), acknowledging that they are permanently dynamic under the presence of abiotic stressors (Pelletier et al., 2020). On the seascape, kelp forests stand out as a diverse biogenic system where varied abiotic factors, many of which are temperature-related, can influence their distribution and growth (Dayton, 1985; Jayathilake and Costello, 2020). There is an overall consensus that kelp forests will be increasingly affected by stressors like marine heatwaves (MHWs) (Arafeh-Dalmau et al., 2019; Wernberg et al., 2019; Smale, 2020). However, environmental stressors do not always have the same impact at a local level, even at almost equal latitudes (Cavanaugh et al., 2019). Temperature, exposure, and nutrient and light availability can impact kelp communities with divergent outcomes, from no change to increased grazing, ecological shifts, or even extinction of local ecosystems (Straub et al., 2019). The diversity in ocean conditions and the paucity of long-term data on kelp have shown highly variable trends at the ecoregional and global levels (Krumhansl et al., 2016).

The Oregon, Washington, Vancouver Coast and Shelf Marine Ecoregion (sensu Spalding et al., 2007) is home to at least 28 kelp species (Druehl, 1970), including the canopy-forming bull kelp (Nereocystis luetkeana) and giant kelp (Macrocystis pyrifera). Considered foundation species for marine communities (Springer et al., 2010; Trebilco et al., 2015), bull and giant kelp are part of the living landscape for the coastal First Nations who have stewarded these waters since time immemorial (Ames, 1998; Erlandson et al., 2007). In this paper, we focus on Nereocystis forests and use the term ‘kelp’ to identify its floating canopy area on the sea surface. Current research on Nereocystis status in this ecoregion describe their persistence in Oregon (Hamilton et al., 2020), Washington (Pfister et al., 2018), and the western coast of Vancouver Island (Starko et al., 2022). In sheltered areas in the Salish Sea, trends are highly variable, ranging from persistent areas (Pfister et al., 2018; Schroeder et al., 2020) to local extinction in the central areas of southern Puget Sound (Berry et al., 2021). Persistence and losses have been reported on the eastern coast of Haida Gwaii (Gendall et al., in prep). Further south, in California, Nereocystis forests have decreased dramatically (McPherson et al., 2021; Bell et al., 2023; Cavanaugh et al., 2023). These different scenarios indicate that the scale and spatial context are important to explain kelp trends.

From a regional perspective, the literature on kelp forests of the northeastern Pacific suggests that the combined effect of a positive Oceanic Niño Index (ONI) and positive Pacific Decadal Oscillation (PDO) usually leads to a combination of unusual storm activity, higher local temperatures, and greater frequency of MHWs (Di Lorenzo and Mantua, 2016). These effects, combined with dampened nutrient levels, reduce kelp tissue growth and lead to a shift from kelp forests to urchin barrens or dominance of understory kelp (Dayton and Tegner, 1984; Zimmerman and Kremer, 1986; Tegner et al., 1997; Rogers-Bennett and Catton, 2019; Rogers-Bennett & Catton, 2022). Furthermore, the North Pacific experienced anomalously warm temperatures from 2014–2019, starting with a period widely known as the ‘Blob’. This Blob was an unusual combination of positive temperature anomalies and high pressure, which weakened the cold advection in the open ocean from 2014 to 2016 (Bond et al., 2015). Analogous warming events occurred in the North Pacific in the following years (Chen et al., 2021). The combination of increased sea surface temperatures (SSTs) and frequency of MHWs caused devastating effects in some benthic ecosystems of this region (Arafeh-Dalmau et al., 2019; McPherson et al., 2021). The effects of the Blob in the southern Vancouver Island and the Gulf Islands kelp beds have been uncertain.

At a local scale, temperature, nutrients, and wave exposure can also play a role on kelp dynamics (Graham et al., 1997). For instance, previous laboratory experiments showed that thermal plasticity and tolerance of Nereocystis increase at high flow conditions, expressed as increased blade and canopy growth at high temperatures (Supratya et al., 2020). In contrast, low-flow conditions are associated with wider and more undulated blades but reduced phenotypic plasticity at stressing temperatures, reducing tissue growth and ultimately leading to local loss (Supratya et al., 2020). Physical removal of macroalgal competitors by storms can improve Nereocystis settlement (Dayton et al., 1984; Maxell and Miller, 1996; Springer et al., 2010; Dobkowski et al., 2019). Additionally, winter storms can transport enormous amounts of spore-releasing sori until they settle on the sea floor, contributing to genetic dispersal (Amsler and Neushul, 1989; Springer et al., 2010), forming a microscopic seed bank (Hoffmann and Santelices, 1991). Local-level variations of temperature, nutrients, and exposure may help identify kelp ecotypes and trends, depending on the spatial and temporal coverage of data that is available. Some examples of this data availability range from periodic in-situ observations (Starko et al., 2019; Starko et al., 2022) to multidecadal time series derived from satellites (Cavanaugh et al., 2011; Bell et al., 2015; Bell et al., 2020; Gendall et al., in prep), and historical archives derived from nautical charts and aerial photography (Pfister et al., 2018; Berry et al., 2021; Gendall et al., in prep).

Satellite imagery can aid in defining a consistent long-term time series of kelp, although it is important to consider the limitations of this technology. Medium-spatial-resolution imagery (~30–10 m), successfully used to determine area and biomass changes in wide canopies (Cavanaugh et al., 2010; Cavanaugh et al., 2011; Nijland et al., 2019; Bell et al., 2020; Hamilton et al., 2020; Mora-Soto et al., 2020; Gendall et al., 2023), may not be adequate for narrow beds adjacent to the steep coastlines that distinguish the post-glacial coastal geomorphology of British Columbia (Thomson, 1981; Schroeder et al., 2019; Starko et al., 2022; Gendall et al., 2023). For these kelp areas, high- to very high-resolution (<6 m) imagery becomes necessary, albeit costly and limited in spatial and temporal range, as it is not always acquired under the ideal conditions for kelp mapping (Britton-Simmons et al., 2008); nevertheless, satellite imagery has the potential to identify changes in floating kelp canopy area, along with detecting patterns in space and time (Schroeder et al., 2019; Cavanaugh et al., 2021; Gendall et al., 2023).

This study uses satellite imagery to identify Nereocystis changes in percentage cover and resilience trends in southern Vancouver Island and the Gulf Islands in the Salish Sea of British Columbia in Canada, from a global to a local scale, along different coastal conditions. Here, resilience is defined as the inherent ability of a system to absorb changes and return to a reference state (or dynamic) after a temporary disturbance (Holling, 1973; Grimm and Wissel, 1997). Global-scale oscillations such as the Oceanic Niño Index and the Pacific Decadal Oscillation were organized into optimal (negative ONI or PDO) and suboptimal (positive ONI or PDO) periods. Local-scale coastal gradients were represented by clusters of similar environmental conditions. Local dynamics were represented by nearshore sea surface temperatures, marine heatwaves, and wind conditions. Specifically, our objectives are twofold: a) to identify how kelp cover was associated with environmental variables, global-scale periods, and local clusters; and b) to define resilience trends during and after an intense warming anomaly period in 2014–2019. The primary kelp data used in this study were derived from high-resolution satellite imagery available for the last two decades (2005–2022). A secondary source is the mapped area of the largest floating kelp forest in our study area, derived from a range of medium- and high-resolution satellite imagery to extend the time series back to 1972. This framework integrates geographical gradients, time periods, and multiple data sources to define the variability of kelp forests in space and time.




2 Materials and methods



2.1 Study area

The study area (Figure 1) covers from the southern Strait of Georgia at latitude 49°N to the south of Vancouver Island, in the Canadian part of the Salish Sea. This region is framed by a complex geomorphology of islands and channels encompassing a dynamic oceanography driven by river discharge, semidiurnal tides, winds, and strong currents (Thomson, 1981). From fall to winter, the upper layer is cooled by storms; while in spring and summer, calmer conditions allow the surface layer to warm up, particularly on sheltered coasts (Thomson, 1981; Suchy et al., 2022). Spring and summer runoff from the Fraser River forms a brackish layer that meets the oceanic, nitrate-charged waters of the Strait of Juan de Fuca, forming a strong vertical tidal mixing in Haro Strait (Mackas and Harrison, 1997; Li et al., 2000), generating high levels of primary productivity in springtime (Peña et al., 2016; Marchese et al., 2022; Suchy et al., 2022). Photosynthetically active radiation values range from ~5 to 60 Ein/m per day in the northern and central regions of the Salish Sea, with peaks in summer and minimum values in winter (Suchy et al., 2019). This body of water has shown a summer warming trend over the last four decades (Amos et al., 2014).




Figure 1 | Study area: Southern Vancouver Island and the Gulf Islands south of latitude 49°N, in the Canadian part of the Salish Sea. The maximum kelp extent observed using high-resolution imagery is highlighted in red. Ella Beach data spans from 1972 to 2022.






2.2 Spatial and temporal dimensions



2.2.1 Spatial dimension: clusters

The study area was classified into environmental clusters (clusters hereafter), based on previous literature on kelp environments (Tegner and Dayton, 1987; Bekkby et al., 2009; Young et al., 2016; Smale and Moore, 2017; Gregr et al., 2019; Young et al., 2023). The clusters were defined by the integration of the climatology of sea surface temperature (SST in °C) for spring and summer from Landsat imagery (courtesy of the U.S. Geological Survey), fetch (m; Gregr et al., 2019), modelled tidal amplitude current (m/s; Foreman et al., 2004), wind density (W/m2; Davis et al., 2023), and total suspended matter (TSM) in spring and summer (mg/L; Giannini et al., 2021) (Table 1). These variables were compiled through a multipoint layer along the coastline, with each point located 1000 m apart and 300 m off the coast to avoid adjacency from land temperatures derived from the Landsat SST product (Wachmann et al., in review). Mean values falling within a radius of 100 m around the points were used to summarize the variables. This dataset was evaluated to define an optimal number of clusters using within the sum of squares, average silhouette width, and gap statistics to execute a K-means clustering in R (R Core Team, 2023). This process classifies each variable value into a cluster value, minimizing the within-cluster sum of squares to the cluster centers (Hartigan and Wong, 1979).


Table 1 | Spatially-explicit variables utilized for the cluster definition.



Four characteristically distinct clusters were found along the coastline (Figures 2, 3A). Cluster 1 represents the coldest areas, with average temperatures ranging from 9.8°C in spring to 12.0°C in summer. It is also the most wave-exposed area with the highest average of wind density (133.8 W/m2), fetch (549 km), and tidal amplitude (0.3 m/s). Cluster 2 represents a semi-sheltered coast (fetch 195 km; tidal current amplitude 0.2 m/s) with slightly warmer SSTs (11.3°C in spring and 14.4°C in summer). Cluster 3 represents warmer coastal areas (12.8°C in spring, 17.4°C in summer) and subject to the highest amount of sediment from the Fraser River plume (1.4 mg/l in spring, 2.5 mg/l in summer) compared to the other clusters. Lastly, Cluster 4 corresponds to the most protected coastlines (average fetch 132 km) with the warmest temperatures (mean spring SST 13.2°C and 16.8°C in summer). Finally, total mapped kelp per cluster from satellite imagery follows a decreasing pattern from Cluster 1 (1116.4 ha) to 2 (444.5 ha), 3 (83.6 ha), and 4 (10.5 ha) (Supplementary Table S1).




Figure 2 | Box and whisker plots characterizing the clusters by variables; the box summarizes the upper and lower quartiles while the central line indicates the median and the dot indicates the mean. (A) SST climatology in spring (°C). (B) SST climatology in summer (°C). (C) Fetch (km). (D) Wind power (W/m2). (E) TSM spring (mg/L). (F) TSM summer (mg/L). (G) Tidal amplitude (m/s). (H) Total mapped kelp (realized niche) (ha).






Figure 3 | (A) Cluster distribution map. (B) Time series of kelp per cluster and the climatological mean of the summer SST (°C) from 1984 to 2022 retrieved from the Landsat series.






2.2.2 Temporal dimension: global-scale periods and local drivers

The temporal dimension was organized in periods representing global conditions. The period frame was chosen because mapped kelp is temporally and spatially variable and can show lagged fluctuations for one to two years (Tegner et al., 1997; Dayton et al., 1999; Bell et al., 2015; Pfister et al., 2018; Cavanaugh et al., 2019; Bell et al., 2020; Schroeder et al., 2020; Cavanaugh et al., 2021; McPherson et al., 2021; Gendall et al., in prep). The global scale was represented by ONI (NOAA, 2023a) and PDO (NOAA, 2023b). In general, we consider that optimal periods for kelp were when the PDO or ONI was negative, while positive PDO or ONI were classified as suboptimal periods (Dayton et al., 1999; Bell et al., 2015; Pfister et al., 2018; Cavanaugh et al., 2019; Gendall, et al., in prep). To implement this classification, ONI and PDO values from spring (May to June) and summer (July to August) 2002 to 2022 were rescaled using z-scores. The median value of z-scored ONI (-0.05) and PDO (-0.26) were the parameters to distinguish optimal versus suboptimal periods. The Kruskal-Wallis test (Kruskal and Wallis, 1952) was used to identify if the difference among the periods was statistically significant, whereas the Dunn test (Dunn, 1961) was used as a post hoc analysis to define the groups that were statistically different.

Following this method, four periods were defined from 2002 to 2022: a positive ONI+PDO period (also called Suboptimal 1) from 2002 to 2006, a negative ONI+PDO period (Optimal 1) from 2007 to 2013, a positive ONI+PDO period (Suboptimal 2) from 2014 to 2019, characterized by the Blob. Finally, a negative ONI+PDO period (Optimal 2) grouped 2020 to 2022 (Figure 4A). The difference among the periods was statistically significant (Kruskal-Wallis and Dunn p-values<0.05; Supplementary Figure S1).




Figure 4 | (A) Oceanic oscillations (z-scored): red to blue color ramp follows positive to negative values, while the vertical lines divide the periods indicated above (A, B) Landsat SST spring temperatures at the cluster level. (C) Landsat SST summer temperatures at the cluster level. Notice that the color ramps represent z-scores in A and different temperature ranges in (B, C).



In a second step, local-scale variables including sea surface temperature, wind speed, and marine heatwaves were compared by those periods. SST is a reliable indicator of kelp physiology and Nereocystis has a broad range of thermal tolerance (Springer et al., 2010) that can be lower in sheltered or low-energy areas, as observed by Starko et al. (2019) and Supratya et al. (2020). Local nearshore SST derived from Landsat SST data (Landsat 5, 7, and 8) was defined from a single clear sky image representing spring (May–June) and summer (July–August) from 1984 to 2022, although summer 2007 and 2014 were missing in this dataset (dates in Supplementary Table S2). Landsat-derived SST (hereafter Landsat SST) was averaged per cluster using zonal statistics in a polygon buffer 300 m from the shoreline to reduce land-adjacency effects (Wachmann et al., in review). To confirm the effectiveness of using a single image to represent spring and summer for each year, Landsat SST data were compared with daily in-situ surface water temperature from the Entrance Island, Departure Bay, and Race Rocks lighthouses (PCIC, 2023) (Figure 1), selecting their respective spring and summer temperatures and calculating their seasonal mean and standard deviation (StDev). Then, the difference between the Landsat SST day and the range of mean ±2 StDev in-situ seasonal SST was calculated. For spring, out-of-range dates beyond 2 StDev had differences of less than 0.60°C with the in-situ measurement (except for one record with 1.73°C difference at Entrance Island). For summer, the out-of-range temperature differences beyond 2 StDev were less than 0.15°C. As the dates selected from Landsat SST were representative of their respective seasons, they are considered valid to represent local temperature conditions at the cluster level. Consecutively, spring and summer Landsat SST were summarized by descriptive statistics per period.

To complement the temperature data, the study also included marine heatwaves, or anomalously warm events on the sea surface lasting at least 5 consecutive days (Hobday et al., 2016). MHWs are known to pose a growing risk to kelp survival worldwide (Wernberg et al., 2019). Daily water temperature data from the aforementioned lighthouses were compiled using methods by Hobday et al. (2016) and Hobday et al. (2018) to calculate the frequency and intensity of MHWs in this region, considering a baseline between 1983–2022. This method (facilitated by the heatwaveR package in R; Schlegel and Smit, 2018) uses a time series for at least 30 years to identify SST anomalies for any date in an 11-day window. If the maximum observed day intensity surpasses the day’s seasonal climatology and the 90th percentile threshold for more than 5 days, the event is classified as a MHW. Consecutively, the number of times the maximum intensity surpasses the distance between the seasonal climatology and the threshold (1 to 4 times) is associated to the MWH categories Moderate (Category I), Strong (Category II), Severe (Category III), and Extreme (Category IV), respectively.

Another abiotic variable considered in this study was wind, as an indicator of wave activity (Young et al., 2016; Yang et al., 2019). Wave-exposed sites positively correlate with kelp abundance and tolerance to warming trends (Starko et al., 2019; Starko et al., 2022). However, this correlation is limited when extreme storms remove large canopy areas, leading to competitive understory recruitment (Dayton and Tegner, 1984). Wind data (speed and direction) were obtained from a buoy located in the center of the Salish Sea (Halibut Bank; location: 49°20’24”N 123°43’48”W; date range: 2002 to 2022; PCIC, 2023) (Figure 1) and a station at the southern tip of Vancouver Island (Race Rocks; location: 49°17’54’’N 123°31’54’’W; date range: 2012 to 2022; PCIC, 2023) (Figure 1). Extreme wind events were summarized to identify if their frequency changed across periods. Extreme wind events were defined as days when the maximum wind speed surpassed 2 StDev or the 95th percentile of the time series. Extreme wind per period (Nextreme) was normalized by the following equation:

	

where Ni is the number of days with extreme wind per month, and Mp the number of months per period. We referred to the Beaufort wind scale (Thomson, 1981) to indicate the intensity of the wind.




2.2.3 Mapped floating kelp extent

Floating kelp extent was derived from high-resolution imagery data spanning from 2005 to 2022. This dataset represents the maximum imagery coverage for the study area (Supplementary Table S3; Supplementary Figure S2). The mapping approach for this complex coastline prioritized the use of the highest resolution (<3 m) available imagery to map small nearshore kelp beds, >3 to <10 m resolutions for medium-sized nearshore kelp, and any resolution, including medium-resolution (>10 m) imagery for offshore and larger kelp beds. The selected images were collected at low tide in summer (July to August) to match the peak growth of the year (Springer et al., 2010), resulting in an annual record of the maximum observed kelp extent, following methods by Schroeder et al. (2019); Schroeder et al. (2020) and Gendall et al. (2023). In this study, 0.1 m (aerial photos), 2.5 m Quickbird and WorldView, 3.2 m Ikonos, 4.0 m PlanetScope, 4.4 m Kompsat, and 5.0 m RapidEye comprised the used imagery for a total of 57 images. The exception for this was 2006, mapped with a 20 m resolution image (Spot 5) due to the lack of higher resolution data, but this only covered the southern part of the study area where the larger kelp beds are observed. To support our observations within a longer temporal range, the largest floating kelp bed in our study area (Ella Beach, 48°21’44.34”N, 123°45’29.18”W, Figure 1) was mapped as a ‘sentinel’ or reference area from 1972 to 2022 with Landsat (medium-resolution) imagery (Figure 1; Supplementary Table S4), as the size of the bed allowed an accurate detection using this data (Jensen et al., 1980; Cavanaugh et al., 2011; Hamilton et al., 2020; Gendall et al., 2023). The overall accuracy of this method is >70%. The mapping protocol is explained and discussed in detail in the Supplementary Material.

Following the classification, the mapped kelp was organized within clusters that were subdivided into segments. The segments were based on the potential niche (sensu Soberón and Nakamura, 2009), selecting rocky and mixed substrate areas (Gregr et al., 2021), while excluding the land above the low-water mark and bathymetry below 40 m (Springer et al., 2010). The potential niche was split by polygons of ~1000 m alongshore length, with some smoothing adjustments on complex reef areas, using previous methods developed by Pfister et al. (2018) and Schroeder et al. (2020). In addition, the total annual mapped floating kelp beds were spatially summed together, and the resultant layer was considered as the extent of the realized niche (kelp niche hereafter), or the areas of existing populations (Soberón and Nakamura, 2009). Floating kelp per year was calculated as the percentage cover of the kelp niche per segment, summarized by period and environmental cluster. Considering the semi-stochastic nature of dispersion and settlement of Nereocystis (Springer et al., 2010), not finding floating canopies in a particular year cannot be taken as a complete loss, unless documented absence of kelp remains persistent over time. For this reason, we considered segments with the highest temporal imagery coverage and at least one year of mapped kelp for the analysis.




2.2.4 Data analysis

Kelp-per-cluster data were analyzed by optimal and suboptimal periods from 2005 to 2022 through descriptive statistics (mean, StDev) of percentage cover, by period and cluster. The sentinel site in Cluster 1 (Ella Beach; Figure 1) was monitored to identify long-term trends from 1972 to 2022. As the extent of this floating kelp bed is larger than the size of the segments, the percentage cover was normalized to the total site area. The optimal and suboptimal periods were defined with the same methods as the 2005–2022 analysis, followed by Kruskal-Wallis and Dunn tests to identify if those periods were significantly different. Finally, the Mann-Kendall test for non-parametric data (Kendall package in R; McLeod, 2022) was used to identify temporal trends.

To evaluate the impact of the Blob and consecutive warming events on local floating kelp beds, the mean and the StDev of the percentage kelp cover from the previous period (Optimal 1; 2007–2013) were considered the reference bounds for a stable kelp population. Resilience was evaluated as the difference between the mean and StDev of the subsequent years (2014 to 2022, the Blob and post- Blob years) with the reference value from the Optimal 1 period. If the kelp percentage remained within the reference bounds, the kelp presence per cluster was considered resilient for that year and period.






3 Results



3.1 Local SST

Landsat SST showed an increasing pattern along the four periods in both spring and summer (Figures 4B, C), with generally lower temperatures during the first negative ONI+PDO Optimal 1 period of 2007–2013, whereas spring temperatures reached a maximum in the positive ONI+PDO Suboptimal 2 period of 2014–2019 for the four clusters (Table 2; Supplementary Figure 3 and Supplementary Table S5 for more details). Summer temperatures, on the other hand, gradually increased to reach their maximum average values in the negative ONI+PDO Optimal 2 period of 2020–2022, with a mean of 14.8°C, 17.5°C, 19.4°C, and 20.5°C in Clusters 1 (coldest and most exposed), 2 (medium exposed and slightly warmer), 3 (exposed to the Strait of Georgia), and 4 (warmest and most protected), respectively.


Table 2 | Spring and summer Landsat-derived SST (°C), Mean, StDev, Median, Min, and Max temperatures per cluster and period (illustrated in Figures 4B, C).






3.2 Marine heatwaves

The number of MHWs from 2002 to 2022 was 41 in Departure Bay, 42 in Entrance Island, and 32 in Race Rocks, totaling 115 MHW for the three lighthouses (Figure 5A). The highest frequency of MHWs was observed during the positive ONI+PDO periods, with 38 events during Suboptimal 1 (2002–2006) and 58 in Suboptimal 2 (2014–2019, the Blob years). In contrast, negative ONI+PDO periods had fewer events (Optimal 1 of 2007–2013 had 11, and Optimal 2 of 2020–2022 had 8). In terms of intensity categories, 65 (57%) events were classified as Category I, 44 (38%) as Category II, 5 (4%) as Category III, and 1 (0.9%) as Category IV. The only Category IV heatwave occurred in Race Rocks, which lasted 22 days with a maximum temperature of 12.7°C (2.8°C above the normal record) on 24 October 2014. The longest heatwave of the period was observed in Departure Bay, which lasted 39 days with a maximum temperature of 11.1°C, which was 4.2°C above the average record for the winter on 24 January 2015 (Supplementary Tables S6–S12).




Figure 5 | (A) Marine heatwaves per date and period; the color indicates the category level and the size indicates the duration of days per event. (B) Frequency of extreme maximum wind speed per month (maximum wind speed >95th percentile) by periods. Race Rocks data started in 2012. The names of the stations (Departure Bay, Entrance Island, Halibut Bank, Race Rocks) and buoy (Halibut Bank) are at the right of each plot.






3.3 Wind speed and direction

The predominant wind direction for the study area is from the offshore Pacific, entering the Salish Sea in the Strait of Juan de Fuca from the west (Race Rocks) and then splitting directions and losing energy in the central Strait of Georgia, where the Halibut Bank sensor is located (Figure 1; Supplementary Figure S4) (Thomson, 1981). Mean speed was higher at Race Rocks (25.8 km/h; moderate breeze), whereas lighter wind was predominant in Halibut Bank, with an average of 4.9 km/h (light air). The 95th percentile of the maximum wind speed was 47.8 km/h (strong breeze) at Race Rocks and 8.8 km/h at Halibut Bank (light breeze), with a clear seasonal divergence: Halibut Bank showed a higher intensity of maximum wind speed in autumn and winter (October to February), whereas Race Rocks extreme wind events predominated in spring and summer months (May to July). Optimal periods had higher frequencies of extreme winds compared to the previous suboptimal periods. In particular, there was a significant increase of extreme winds during Optimal 2 (2020–2022) compared to Suboptimal 2 (2014–2019). This difference was statistically significant (Dunn’s test = 8.3, adjusted p-value< 0.001) (Figure 5B; Supplementary Figure S5).




3.4 Temporal trends of floating kelp in southern Vancouver Island and the Gulf Islands



3.4.1 Segments with kelp by cluster (2005–2022)

The spatial range of the segments with mapped kelp data is in Figure 3B. Cluster 1—the most exposed and coldest area—had the highest temporal and spatial coverage, with 16 years of data covering 204 segments (78.5% of 260 segments), followed by Cluster 2, representing medium exposed and slightly warmer coasts, with 12 years and 241 segments (39.5% of 610 segments). Cluster 3, the exposed coast facing the Strait of Georgia, covered 11 years of data, with 31 segments (33.7% of 92 segments), and Cluster 4, gathering the most sheltered and warmest coasts, had 8 years (13 segments = 5.3% of 246 segments). The percentage of kelp cover exhibited non-parametric behavior, with left-skewed patterns in Clusters 2, 3, and 4 caused by documented absence of kelp (true negatives) throughout the time series, reflecting the remarkable temporal variability of kelp in sheltered and warmer coasts.




3.4.2 Kelp percentage cover by period

The percentage of kelp cover per period shows different trends per cluster (Figure 6). Cluster 1, with the coldest and most exposed areas, had an average of 20.0% kelp cover throughout Suboptimal 1 (2004–2006) and Optimal 1 (2007–2013). In the anomalously warmer years of 2014–2019 (Suboptimal 2) this average decreased to 14.6% and increased (18.8%) during the following period of Optimal 2 (2020–2022). Cluster 2, representing medium exposed and slightly warmer coasts, had a mean cover of 8.6% in Suboptimal 1, increased slightly in Optimal 1 (9.4%), then decreased in Suboptimal 2 (9.1%) and finally had an apparent increase in Optimal 2 (16.9%). Cluster 3, exposed to the Strait of Georgia, had an average kelp cover of 4.7% in Suboptimal 1, peaked at 15.8% in Optimal 1, and then decreased to 8.0% in Suboptimal 2 and 6.7% in Optimal 2. In contrast, Cluster 4, representing the most protected and warmest coasts, continuously increased in kelp cover, starting at 2.8% in Suboptimal 1, increasing to 9.6% in Optimal 1, then 22.2% in Suboptimal 2 and 30.8% in Optimal 2.




Figure 6 | Box and whisker plots summarizing % kelp cover per segment and period by cluster. Red numbers indicate the number of years with data per period.



The number of segments with kelp presence also differed among clusters. Cluster 1 (coldest and exposed) had a constant presence of kelp in 80% of segments for all four periods. Cluster 2 (medium exposed and warmer) increased kelp presence from 37% to 61% of the segments; Cluster 3 (Strait of Georgia) fluctuated from 38% to 33%; and Cluster 4 (most protected and warmest) increased from 31% to 96% (Supplementary Figure S6).




3.4.3 Period 1972–2022 in the sentinel area

The sentinel site, locally known as Ella Beach, located within the colder and exposed coasts of Cluster 1 (Figure 1), is the largest floating kelp bed in the study area. The time series from 1972 to 2022 spanned 8 periods (Figure 7A): negative ONI+PDO period of 1972–1975 (Optimal), positive ONI+PDO years from 1976 to 1988 (Suboptimal), a new positive ONI+PDO cycle from 1989 to 1997 (Suboptimal), a negative ONI+PDO period from 1998 to 2001 (Optimal), and the four periods already defined from the 2005–2022 analysis.




Figure 7 | Sentinel site oceanic, temperature, and kelp trends (1972–2022). (A) Oceanic oscillations (z-scored): Red to blue color ramp follows positive to negative ONI, PDO, and NPGO values. Op= Optimal, S.Op = Suboptimal. (B) Race Rocks mean summer and spring SST. (C) Kelp cover percentage.



Kelp percentage cover fluctuated from a minimum of 13.6% (22.2 hectares) in 1989 (Suboptimal) and a maximum of 57.5% (94.3 hectares) of the kelp niche in 1999 (Optimal; Figures 7A, C). Despite this large variability, kelp was present over the entire series, and no significant trends were found either by period or year (Mann-Kendall’s tau = -0.14, p-value = 0.16). Local SST from the Race Rocks Lighthouse was particularly stable, with a mean of 10.0°C in spring (min = 8.9°C in 1973, max = 10.9°C in 1983) and a mean of 11.3°C in summer (min = 10.2°C in 1976, max = 12.2°C in 2016) (Figure 7B).




3.4.4 Resilience during and after the warm period of 2014–2019

Percentage cover of kelp showed different responses during the anomalous warm period (Suboptimal 2, 2014–2019; the Blob) compared to the reference bounds of the negative ONI+PDO period (Optimal 1, 2007–2013; Figure 8). The coldest and most exposed coasts (Cluster 1) showed small changes, with an overall mean (StDev) of -4.6% (16.6), a minimum observed value of -8.5% (14.4) in 2018, and a peak of 4.2% (19.2) in 2021 during the negative ONI+PDO period of 2020–2022 (Optimal 2). The average values of this cluster remained within the reference bounds (Figure 8A). Medium exposed and warmer coasts (Cluster 2) also remained within the reference bounds, showing a small negative difference compared to the reference in the years 2014, 2015, and 2016 during the Blob. The lowest average was -5.0% (12.7) in 2014, followed by a continuous increase in the following years up to an average of 11.7% (27.1) in 2022 (Figure 8B). The exposed coasts facing the Strait of Georgia (Cluster 3) had the lowest values compared to the reference (-8.1% (22.3)), ranging from minimum values of -15.8% (8.9) in 2016 during the Blob, and -15.7% (8.8) in 2020, to values of 1.8% (29.7) in 2014 and 2.2% (33.5) in 2017 (Figure 8C). The fragmented time series in the warmest and most protected coasts (Cluster 4) shows an average of 16.1% (28.4) for the complete time series, with a minimum value of -2.3% (12.8) in 2017 and a maximum of 30.6% (36.4) in 2019, compared to the reference bounds (Figure 8D).




Figure 8 | Change over time in percentage of kelp cover relative to the period 2007–2013 for (A) Cluster 1, (B) Cluster 2, (C) Cluster 3, and (D) Cluster 4. The error bars show the mean and StDev of the difference with the reference value bounds (Optimal 1; 2007–2013) indicated as a mean and StDev (black horizontal line and grey area). The absence of bars indicates that there is no satellite image/no data available. The vertical line divides Suboptimal 2 from Optimal 2 periods.








4 Discussion

Globally, kelp is decreasing in area and presence due to a warming ocean. In the Northeast Pacific, Californian kelp forests have shown significant declines (McPherson et al., 2021; Bell et al., 2023; Cavanaugh et al., 2023); more locally, some Puget Sound kelp beds in Washington have been disappearing at an alarming rate (Berry et al., 2021). There is a lack of information about kelp change and resilience in British Columbia; most studies are spatially and temporally limited (Schroeder et al., 2020; Starko et al., 2022). We found that categorizing spatial and temporal dimensions offers hints on kelp resilience patterns (Pelletier et al., 2020).

Our results from southern Vancouver Island and the Gulf Islands suggest that global-scale oceanic conditions influence nearshore sea surface temperatures, marine heatwaves, and wind trends at the local level in the southern Salish Sea. Global-scale positive ONI+PDO, called Suboptimal periods in this paper, concentrated the highest peaks of spring SST, a higher frequency and intensity of MHWs, and a lower frequency of extreme winds than optimal periods. However, local summer SST has been constantly increasing despite any oceanic oscillation in the study area, confirming previous research in the ecoregion (Amos et al., 2014; Jackson et al., 2018). Bull kelp (Nereocystis luetkeana) showed different trends per cluster, confirming that kelp patterns can fluctuate greatly at the local scale (Reed et al., 2016; Bell et al., 2023).

The kelp dynamics in the coldest and most exposed coasts (Cluster 1), including the 50 years of the Ella Beach mapped data, align with Nereocystis persistence trends at the southern coast of the Strait of Juan de Fuca (Pfister et al., 2018). The stability of the floating kelp in this cluster was characterized by an average percent cover of around 20% of the kelp niche per segment (meaning that on average, mapped kelp covered 20% of the niche every year), kelp presence in 80% of the segments across the four periods, and high resilience after the anomalously warm period of 2014–2019 (Suboptimal 2; the Blob). Despite the high frequency of MHWs in suboptimal periods, favorable conditions such as high exposure to tidal currents and fetch, along with local temperatures under 16.0°C, sustained kelp forests in favorable conditions, in line with previous research on Laminariales (Buschmann et al., 2014; Supratya et al., 2020). Another factor, not covered in this research but giving support to this observation, is the relative stability of the community-wide ecosystem. At the south of the Strait of Juan de Fuca (in front of Cluster 1), kelp forests have maintained a relatively stable assemblage of invertebrates, fish, and kelp from 2015–2021 (Tolimieri et al., 2023).

Semi-sheltered and very sheltered coastlines (Clusters 2 and 4) have shown high variability in kelp cover and presence, similar to previous observations in enclosed areas of the Salish Sea (Pfister et al., 2018; Starko et al., 2019; Schroeder et al., 2020; Berry et al., 2021). It is important to mention that due to the limited availability of high-resolution satellite imagery, Cluster 4 had the smallest number of kelp areas and time series data available for the analysis, which may lead to erroneous short-scale interpretations. Nevertheless, summer Landsat SST averaged values above 16.0°C for Clusters 2 and 4 in the last two periods, reaching the upper limit of thermal tolerance for Nereocystis (Springer et al., 2010; Supratya et al., 2020). However, during the warm period of 2014–2019 (Suboptimal 2; the Blob) and the following years (2020–2022, Optimal 2) they showed an increase in kelp presence and percentage cover compared to the previous negative ONI+PDO reference period (Optimal 1; 2007–2013). The relatively lower frequency of MHWs during the Optimal 2 period could be favorable to kelp canopies, bringing a pause in stressors. The increased frequency of wind-driven wave motion during Optimal 2, during the spring and summer months when the canopies reach the surface, could also benefit bull kelp bed resilience (Springer et al., 2010). Both hypotheses might be tested with experimental and in-situ data.

Wind plays an important contribution to wave energy in the study area (Yang et al., 2019). Additionally, strong surface current anomalies have been observed in southern Vancouver Island during the autumn of 2015–2016 and 2016–2017 (Suboptimal 2; the Blob) and summer 2020 (Optimal 2) (Han and Chen, 2022), which can indicate that currents are a positive factor for floating kelp growth (Springer et al., 2010). However, if extreme wind events continue to increase in frequency due to climate change (Young et al., 2011), a possible negative effect could be that adult sporophyte fronds located in very exposed coasts may not be able to withstand hydrodynamic stress, shortening the maturity process, as was documented with other canopy-forming species (Van Tussenbroek, 1989).

The coasts facing the Strait of Georgia (Cluster 3) showed temperatures reaching the upper thermal range of kelp during the last Suboptimal and Optimal periods. However, kelp cover showed different resilience patterns compared to Clusters 2 and 4, expressed by less kelp presence, lower percentage cover values, and low to moderate resilience. Post-Blob, during the 2020–2022 period (Optimal 2), Cluster 3 returned to the previous reference value, but did not surpass it. This coastline is leeward of the southwestern wind, and the increase in frequency of extreme winds in the Strait of Georgia during Optimal 2 occurred in the autumn and winter months, times when kelp remain under the sea surface. Therefore, we infer that wind did not necessarily play a role in kelp resilience in this coastline. However, a factor that could explain its moderate resilience to the overall warming in the Salish Sea is the nutrient availability from the Fraser River (Lowe et al., 2016; Peña et al., 2016) that could potentially enhance the thermal plasticity of kelp, as nitrate-replete blades show enhanced photosynthesis and growth performance at temperatures at the higher thermal limit than nitrate-depleted ones (Fernández et al., 2020). More experimental and in-situ data could test this hypothesis, although the warming trend reaching stressing levels for kelp in the Strait of Georgia seems to be an immediate threat to these kelp beds in the near future.




5 Conclusions

This paper examined the resilience of Nereocystis floating canopies across a geographical gradient and different temporal scales in the southern Salish Sea in British Columbia, Canada. The main outcomes of this research are: first, global-scale suboptimal periods for kelp, understood as positive ONI+PDO, coincide with MHWs in the southern Salish Sea, but the overall SSTs increased despite the last negative ONI+PDO period; second, the negative ONI+PDO period of 2020–2022 coincide with a higher frequency of extreme winds compared to the previous period, which could potentially play a positive role in kelp frond productivity by wave motion; and third, despite the overall warming trend and the Blob years of 2014–2019, kelp in this area was generally resilient, but for varying reasons. The coldest and most exposed coasts remained under conditions of thermal stress for kelp growth; protected coasts facing the southwestern wind were potentially favored by an increased frequency of extreme wind during the kelp growing season; while the coast facing the Strait of Georgia showed only moderate resilience, such that if temperatures continue to increase, those areas could face an imminent threat to survival.

Our results complement previous kelp research from the northeastern Pacific, showing how local geographical conditions can play an important role in kelp dynamics. In a broader context, using this framework in other regions could help understand local ecological factors for kelp. As climate models indicate that MHWs will become more frequent and intense in the 21st century (Oliver et al., 2019), this research provides valuable information to support strategic spatial planning to identify kelp change patterns for a variety of uses, including monitoring, conservation, and restoration activities.
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All of these variables are treated as climatology data, without temporal variation.
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