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Annual surveys of the abundance of intertidal invertebrates and macroalgae have been made at between 70 and 100 rocky intertidal time-series sites around the United Kingdom coastline since 2002 under the MarClim project. The data provide a unique opportunity to investigate the impacts of both pervasive climate change and their punctuation by extreme events on intertidal species. After the extreme storm events in the 2013/2014 winter season and the record heatwaves in the summers of 2018 and 2020, MarClim surveys recorded both physical and biological changes to rocky shore habitats. Subsequent surveys reassessed the effects on community structure via analysis of those species that resisted storm damage, those species that returned after the extreme storm events, and species that opportunistically occupied vacant habitat after storm-induced species loss. In addition, biannual storm damage surveys documenting communities recovery were carried out in the spring and winter of each year from 2014 to 2020 at three MarClim sites in north Cornwall (Crackington Haven, Trevone, and St. Ives), which experienced different types of abiotic and biotic damage resulting from these storms. Impacts of heatwaves and cold spells on the abundance of species were determined by regression on frequencies of event per year. Species of invertebrates and macroalgae generally declined in years of more frequent winter cold spells and summer heatwaves, while winter heatwaves and summer cold spells had similar numbers of positive and negative effects across species. Winter warm spells tended to have a more negative effect on cold-affinity species than on warm-affinity species. No abrupt shift was recorded after the 2013/2014 storms. Whilst a short-term change in some species was recorded in quantitative quadrat surveys, the biological communities returned to the long-term species composition and abundance within 2 years. The heatwave events caused sublethal heat damage in macroalgae, evidenced as dried areas of tissue on many individuals, with mortality-induced reductions in the abundance of only a few invertebrate species, recorded in Scotland and southwest England after the heatwave events in 2018 and 2020. MarClim and storm-damage surveys indicate that there have been no sustained impacts from either extreme thermal or storm events across the rocky intertidal communities, and biodiversity has not been significantly altered as a result. The abundance and biogeographical distributions of rocky intertidal species and communities around the United Kingdom are being driven by longer-term, large scale, pervasive change in environmental conditions, with a gradual shift towards dominance of Lusitanian species from the early 2000s in responses to warming of the marine climate.
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INTRODUCTION

Storms and heatwaves are becoming more frequent as a result of climate warming (Oliver et al., 2018; IPCC, 2019) with significant impacts on the coastal ecosystems of the world (Smale et al., 2019). Long-term sustained observing programmes have shown evidence of community-wide shifts in composition from cold to warm affinity species (Simpson et al., 2011; Burrows et al., 2019) as long-term trends, but such studies neglect the short-term effects of extreme events.

The marine climate of the British Isles and Ireland has undergone oscillations throughout the 20th century, with the onset of global climate change first becoming evident in the late 1980s (Hawkins et al., 2003; Philippart et al., 2011). The warming trend has slowed down over the last decade (NOAA OISST; Reynolds et al., 2007) due to the climate-driven slowdown in the Atlantic Meridional Overturning Circulation (AMOC) causing a colder patch of surface water to the northwest of the United Kingdom1 This has been reflected in changes in intertidal communities (Burrows et al., 2020). Despite the recent slowing of the warming trend in the United Kingdom, the impacts of climate change are still being experienced, especially the punctuation of pervasive climate change by extreme events (Firth et al., 2015). There has been an increase in both winter and summer extreme events, with 2020 being recently announced as the warmest year on record (NOAA OISST; Reynolds et al., 2007; Madge, 2020; National Oceanic Atmospheric Administration, 2020). Thus it is important to improve understanding of the impacts of climate by extreme events, or climate-driven disturbances on the natural environment and the resultant persistence of the associated communities, rather than just focusing on average annual sea temperatures.

Biological responses to climate change in natural systems are variable, non-linear, and difficult to interpret (Harris et al., 2018). Climate change exerts complex, interacting influences on organismal physiology, with species-specific responses due to different functional traits, sensitivity, and adaptive and acclimatory capacities (Huey et al., 2012). Shifts in the temporal dynamics of recruitment and the abundance of ecosystem engineers in response to environmental changes can modify interaction networks and change the vulnerability of entire communities to disturbance, although the degree of potential change is poorly understood (Mrowicki et al., 2016). Biological responses include aphasic and idiosyncratic shifts in species distributions (Hawkins et al., 2009) that are likely to result in novel ecological conditions in future climates that have no previous analogue (Elith and Leathwick, 2009; Kuo and Sanford, 2009; Pearson et al., 2009). This results in non-analogous communities for which there is no contemporary equivalent in terms of species composition, abundance, community structure, and hence ecosystem processes. In the face of environmental changes in marine and terrestrial systems, there is a need for accurate forecasts of composition and structure of communities and likely consequences for functioning of ecosystems and hence delivery of services to society.

The effects of long-term trends in temperature on changes in the distribution and abundance of marine species are becoming better understood, with range limits shifting polewards (Poloczanska et al., 2013) and a shifting balance of species with colder thermal tolerance ranges (cold-affinity species) and species with warmer thermal tolerance ranges (warm affinity species) within communities (Burrows et al., 2019, 2020). Impacts of short-term variation in temperature, particularly marine heatwaves (Hobday et al., 2016), however, are less well understood. Positive and negative changes in abundance, as well as range expansions and contractions are associated with marine heatwaves (Smale et al., 2019), with species at locations in the warmer half of their distribution ranges tending to be more negatively impacted. Heatwaves are becoming more frequent, longer, and more intense (Oliver et al., 2018), with increasing ecological impacts expected for the rest of this century (Frölicher and Laufkötter, 2018; Oliver et al., 2018, 2019).

The British Isles and Ireland along with much of the North-East Atlantic have rich rocky intertidal habitats (Lewis, 1964; Hawkins et al., 2019b) due to a complex coastline with sharp wave exposure gradients, a broad spectrum of tidal ranges and diverse geologies contributing to differing topographic complexities. There are also mesoscale differences in the fetch and aspect of the coastline and gradients between oceanic and more neritic waters into the Irish and North Seas and along the English Channel. The complex coastline also contributes to differences in larval retention and dispersal. All the above occur across a broader environmental gradient of warmer waters to the south and west and colder waters to the north and east, creating a biogeographic boundary zone region where boreal, lusitanian, and invasive species with different thermal affinities mix (Forbes, 1858; Southward et al., 1995; Simkanin et al., 2005; Helmuth et al., 2006; Mieszkowska et al., 2006; Burrows et al., 2020).

Winter storm events are common, exerting both hydrodynamic pressure in the form of bottom currents, and wind driven storm disturbance (Birchenough et al., 2015). Storm events represent a natural disturbance event in United Kingdom intertidal habitats with impacts including smothering by sediment and displacement by hydrodynamic shear or scouring by wave driven cobbles and finer sediments (Sugden et al., 2008; Birchenough et al., 2015). There is differential adaptation of intertidal species to wave-generated disturbance along wave exposure gradients (Raffaelli and Hawkins, 1996). Changes to the frequency and intensity of extreme storm events may have a greater impact on species survival, communities composition to ephemeral early successional species (Sousa, 1979), with implications for stability, functioning, and resilience of rocky shore communities (Posey et al., 1996; Sugden et al., 2007; Machado et al., 2016; Dzwonkowski et al., 2020). Extreme events including storm events and heat waves are predicted to increase in frequency and intensity (IPCC, 2013) as a consequence of climate change (Machado et al., 2016), with an increase in North Atlantic storms already recorded since the end of the 20th Century (Wolf et al., 2020).

The 2013/2014 winter was meteorologically classified as “highly unusual” (Met Office, 2014), with “very severe” storms periods and associated wave conditions characterised. The combination of high cyclone frequency and above-average cyclone intensity resulted in exceptional storminess, with a succession of major storm events occurring between mid-December 2013 and January 2014. The sequence of storms affecting the United Kingdom was caused by a powerful jet stream driving a succession of low-pressure systems across the Atlantic. Twelve significant storms occurred between December 2013 and February 2014. These storm events reported in this winter period were said to be unmatched in terms of intensity and duration for over 50 years, causing this winter to be ranked as the stormiest on record for the Ireland–United Kingdom domain (Matthews et al., 2014). These conditions resulted in the bulk of the ocean wave energy from the North Atlantic being driven onto the coastlines of southwest England and Wales repeatedly between December 2013 and February 2014. The geomorphical storm response along the southwest coast of England displayed considerable spatial variability; this is mainly attributed to the embayed nature of the coastline and the associated variability in coastal orientation (Masselink et al., 2016). The size and intensity of the storms generated some of the largest waves ever recorded to hit land in Western Europe, reaching 16 m in height. These storms coincided with some of the highest spring tides of the year and record-breaking precipitation levels for the United Kingdom dating back 248 years, leading to saturated coastal ecosystems and an exacerbation of the physical impacts of storm wave forces. The “highly unusual” conditions reported in the 2013/2014 winter period were due to the intense storm events, whereas extreme storms did not occur the following two winters (2014/2015 and 2015/2016), however, these were two of the warmest on record thereby resulting in abnormally mild conditions.

Rocky shores provide an important role in the functioning of nearshore habitats and contribute a wide range of ecosystem services including natural erosion resilience, protection from coastal storms and flooding, habitat provision, economic value, aesthetic, and wellbeing provision as well as scientific research benefits (Hawkins et al., 2010; Corte et al., 2017). Despite their importance and accessibility, the response of these communities to extreme events remains poorly understood, partly due to a lack of long-term contextual data describing the ecological patterns of an area prior to the storm events. Extreme storm events are unpredictable and therefore studies in this area need to be responsive to an event (Harris et al., 2011). The MarClim time series provides a unique opportunity to investigate the impact of the two detailed extreme storm events on rocky shore communities by providing this contextual data, enabling the attribution of ecological patterns to the quantified disturbance event.

The rocky intertidal zone has long been used to examine relationships between abiotic stressors and biological interactions determining ecological (Raffaelli and Hawkins, 1996 for review; updated in chapters in Hawkins et al., 2019a, 2020) and biogeographical patterns (Fischer-Piette, 1934; Crisp and Southward, 1958; Forbes, 1858; Southward et al., 1995; Helmuth et al., 2006; Mieszkowska et al., 2006). High spatio-temporal variation in environmental and anthropogenic stressors occurs both at the local scale of the individual shore, leading to differential population structure, but also large latitudinal gradients in environmental conditions from the tropics to the poles (Mieszkowska and Sugden, 2016a). Rocky intertidal habitats around the United Kingdom coastline have been studied throughout the last century, providing a rich legacy of biological and biogeographical data unrivalled across the globe (see Southward et al., 2004 for review). The United Kingdom straddles the boreal-lusitanian biogeographic transition zone (Forbes, 1858; Lewis, 1964), providing a rich tapestry of habitats, communities and species with which to study the effects of pervasive climate change and extreme events on organisms from a range of evolutionary origins (Vye et al., 2020), including invasive non-native invasive species (NIS) (Mieszkowska et al., 2014a; Firth et al., 2020).

Understanding the spatio-temporal scales over which climate driven changes will impact marine systems is key to producing accurate forecasts of future changes and effective management actions to mitigate the effects of climate change where possible (United Nations, 2020). Here we examine the impacts of extreme events and pervasive climate change to better understand the effects of short-term extreme events and long-term pervasive climate change on rocky intertidal biodiversity. We tested the following hypotheses: (a) cold-affinity species with colder thermal tolerance ranges would be more negatively impacted by heatwaves than warm-affinity species with warmer thermal tolerance ranges, (b) cold spells would have a greater negative effect on warm-affinity species, and (c) summer heatwaves and winter cold spells would have greater impacts than winter warm spells and summer cold spells. Given the highly disturbed nature of rocky shores we also hypothesised that recovery from storm damage would be rapid by core foundation species such as mussels in the Mytilus species complex but would be prefaced by more ephemeral species. We have also considered important habitat-forming canopy seaweeds on, under and amongst which many invertebrates live (e.g., Thompson et al., 1996; Teagle et al., 2017).



MATERIALS AND METHODS


United Kingdom Rocky Intertidal Long-Term Time-Series

The MarClim project annually surveys between 70 and 100 long-term time-series sites, with each site being surveyed in the same season of each year. These surveys record the abundance and geographic distribution of 82 species of invertebrates and macroalgae of boreal, lusitanian and invasive biogeographic origins, many of which have a distributional limit on, or close to the United Kingdom coastline. The original species list comprising 55 ecologically important and easy to identify species was developed from historical surveys carried out by Southward and Crisp in the 1950s (Crisp and Southward, 1958; Southward et al., 2004), Lewis and team from the 1970s (Lewis et al., 1982; Lewis, 1986) plus monitoring and experimental work by Hawkins and colleagues from the 1970s to the 2000s (Hawkins and Hartnoll, 1983; Hartnoll and Hawkins, 1985; Southward et al., 1995; all featured in Hawkins and Jones, 1992); these were added to over the years with the rise in number of NIS and lusitanian species colonizing rocky shores in the United Kingdom assisted by better field identification guides (e.g., Bunker et al., 2010). The surveys use the rank categorical SACFOR scale, derived from Crisp and Southward (1958) (amended by JNCC, 1990) to assess the abundance of all 82 species, combined with quadrat-based counts for limpets and barnacles, and timed searches for trochids.



Species Thermal Affinities

Thermal affinities for species in surveys were represented by the median temperatures of their known geographical ranges (Species Temperature Index, STI), obtained by overlaying distribution polygons on maps of average sea surface temperature (SST, see Burrows et al., 2020 for details). Average SST values from 1982 to 2011 were calculated using the same NOAA OISST dataset used to express heatwaves and cold spells in daily temperatures for within-range coastal 0.25° latitude/longitude grid cells.



Extreme Events

The RmarineHeatWaves package in R (Hobday et al., 2016; Smit et al., 2018) was used to detect abnormally hotter and colder events or spells in regional daily SSTs from the NOAA Optimal Interpolated Sea Surface Temperature dataset (OISSTv2 HR; Reynolds et al., 2007). Data were extracted and expressed as daily average temperatures for the whole of the region 49-53°N 6-0°W for the period January 1, 1982 to December 31, 2019. These regional average daily temperatures were used for hot and cold spell detection. The period from January 1, 1983 to December 31, 2012 was used as the reference period for calculation of day of the year temperature percentiles. Warm events were detected as those periods in which temperatures exceeded the 90th percentile temperature for that day of the year for five or more days (Hobday et al., 2016). Cold spells followed a similar definition; those periods where temperatures were below the 10th percentile for that day of the year for five or more days. We also obtained yearly maxima and minima and 5 and 95 percentile temperatures from the same daily time series. Warm and cold events were characterised by their intensity, as maximum and mean temperature above the 90th percentile, duration and cumulative intensity (days × mean intensity).



Changes in Average Annual Abundance and Annual Frequency of Heatwaves and Cold Spells

Species abundance time series were taken as average annual abundance grouped across all sites surveyed annually from 2002 to 2018 (Burrows et al., 2020). For each species, differences in abundance from the preceding year were related to the frequency of heatwaves and cold spells occurring in the winters and summers using trends derived from linear regression [lm () call in R 4.0.2] to test the hypotheses outlined in the introduction.



Heatwave Damage Surveys

Visual assessments of heat damage were recorded during MarClim annual surveys at all sites around the United Kingdom coastline, with digital photographic images taken of damaged organisms. The broadscale abundance of organisms was then recorded, using the SACFOR scale (Mieszkowska et al., 2014b), to place into a long-term context. Temporal patterns of abundance of intertidal communities were visualised using multidimensional scaling (MDS) ordination to show the recovery trajectories predicted for each site. MDS were based on Bray Curtis similarity coefficient calculated from non-standardised, square root transformed data. This biannual dataset is placed into context alongside the sustained time-series monitoring of MarClim intertidal community data at these locations dating back to the early 2000s.



Storm Damage Surveys

Biological impacts of the extreme storm events were initially surveyed at all MarClim sites in England 4 months afterwards, and at all MarClim sites in Wales 6 months after the storms during the annual surveys. Subsequent annual surveys have reassessed the effects on community structure following the 2013/2014 storms via analysis of: those species that were undamaged, those species that were able to return after the extreme storm events and invasive non-native species that opportunistically occupied vacant habitat after storm-induced species loss, colonising those shores affected by storm damage.

In addition, biannual surveys to document damage and potential recovery to rocky intertidal communities were carried out in the spring and winter of 2014 and 2020 at three sites on the north coast of Cornwall, Crackington Haven (50.7417N, −4.6405W), Trevone (50.5450N, −4.9850W) and St. Ives (50.2187N, −5.4751W) (Figure 3). Five replicate 50 cm × 50 cm quadrats were randomly placed in the lowshore and midshore regions at each of these sites (defined biologically) across a distance of approximately 50 m and the percentage cover of sessile species and the abundance of mobile species recorded within each quadrat. Storm damage was evident across large areas of these shores, and these quadrat surveys were carried out in addition to MarClim surveys to provide additional quantitative data specifically focusing on biological damage and recovery. Data were analysed using the PRIMER Version 7 Software and MDS ordination produced (as above) for each survey period and each site (Clarke and Gorley, 2015).



RESULTS


Extreme Events

Several extreme weather events occurred in 2018. Between late February and early March, Britain experienced a severe spell of winter weather with notable extremenes in air temperature. Known as the “Beast from the East,” anticyclone Hartmut coincided with storm Emma to cause some of the worst weather conditions in decades. These events caused a mass mortality of subtidal biota along the east coast of England (Pinnegar et al., 2020), however, no observed changes in the abundance of any of the 50 species of invertebrate surveyed by MarClim were recorded at any long-term monitoring site along the North Sea coastline during 2018 (Mieszkowska et al., 2020). Repeat surveys at a frequently studied site, Heybrook Bay in southwest England found some damage to calcareous algae (crustose corallines and habitat forming Corallina officinalis) around the rim of rockpools, but no obvious signs of death of marine invertebrates including warm-water lusitanian species (e.g., Chthamalus species, Phorcus lineatus, Patella depressa).

Cold spells such as those caused by the extreme event of 2018 can occur at any time of the year, but are more frequent in the first half of the year in the region, with 30 cold spells occurring between January – June over the period of analysis (1982–2020) compared with 19 in the second half of the year between July – December around the southwest UK coastline (Table 1). Notably the cold spells of 2013, although short in duration, were the most intense event for 17 years and since this time there have been no cold spells for the past 7 years (Figure 1).


TABLE 1. Summary of frequencies of heatwaves and cold spells in the southwest Britain (49–53°N, 6–0°W) between 1980 and 2020.
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FIGURE 1. (A) Heatwaves, (B) cold spells from 1982 to 2020. Top plots show (A) 95th percentile (closed circles) and maximum values (open circles) of daily SSTs per year and (B) 5th percentile and minimum daily temperatures per year. Summer heatwaves (May to September) and winter cold spells are shown by filled circles, with winters and summers shown shaded and blank, respectively.


Marine warm spells have become more frequent in both summer (heatwaves) and winter (anomalously warm temperatures) since 1982, whereas cold spells are becoming less frequent in both summer and winter across the same period. This evidences a shift away from seasonal patterns of extreme cold temperature in the marine environment towards a more widespread set of warmer events throughout the year (Table 1).

In addition to the extreme cold weather, 2018 was one of the warmest years on record, with the joint hottest summers on record recorded in 2018 and 20202. Five of the warmest years ever recorded in the United Kingdom occurred since 2010. The Marine heatwaves are becoming more frequent since the 1980s, and possibly longer and more intense. The heatwave of 2018 stands out as being the longest (60 days) if not the most intense on record, and with the biggest cumulative degree × days score in excess of 19°C (Figure 2). Heatwaves occur most frequently in June (11 events between 1982 and 2020), July (13 events) and August (10 events) with the Met Office reporting an average air temperature of 1.5°C above the long-term average in 2018 (Met Office, 2020).
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FIGURE 2. (A) 2004, (B) 2018, (C) 2020 heatwave events, durations, and cumulative intensities for SST.


MarClim surveys across the British Isles in 2018 and 2020 after hot weather in July and August found evidence of heat damage to the highshore habitat-forming fucoid species Pelvetia canaliculata, Fucus spiralis, and Fucus vesiculosus (Figure 3). This heat damage was probably caused by exposure to hot air temperatures during low tides. It did not, however, affect the overall abundance of these species at long-term sites compared to previous years, with no decrease in abundances recorded in surveys the following years, suggesting sub-lethal impacts of the heatwave at this time. The only evidence of negative impacts of heatwaves on invertebrates was recorded for the boreal barnacle Semibalanus balanoides, with patchy but total mortality recorded after the 2018 event at some sites in Oban, southwest Scotland, at the upper vertical limit of the species (Burrows, personal observation). A severe impact on invertebrates was also observed by SJH at Port Gaverne in July 2004 when amphipods (Ampithoe rubricata, and Hyale spp.) usually associated with fucoids, were observed at Port Gaverne, north Cornwall being baked red on the shore. This was not, however, observed during the heatwaves of 2018 or 2020.
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FIGURE 3. (A) Heat damaged Pelvetia canaliculata, 2018. (B) heat damaged Fucus spiralis, 2018.




Change in Abundance and Extreme Thermal Events

The annual time series for each species was analysed to investigate effects of extreme events on changes in abundance. Changes in abundance since the previous year were related to the number of summer and winter heatwaves in that year using linear regression, with the regression slope expressing the effect of as the response of abundance change to increases in annual frequencies of heatwaves and cold spells (Figures 4, 5). Declines across most species, regardless of thermal affinity, were found in years with more summer heatwaves (Figure 4A). The strength of response of abundance change to the frequency of summer heatwaves was not affected by the thermal affinity of the species (Figure 4A, P > 0.05 for the regression slope of species response on STI; P = 0.07 for the intercept). The increase in frequency of winter heatwaves has resulted in the cold-water, boreal species showing a decline in abundance for those years with more winter heatwaves. The impact of winter heatwaves on boreal species was much clearer than the impact of summer heatwaves on species with affinities for both warmer and colder thermal tolerance ranges (Figure 4B). Cold-water species clearly decline in years with more winter heatwaves, with a positive significant relationship with thermal affinity (P = 0.028).
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FIGURE 4. (A) Response to summer heatwaves, shown as the trend in annual abundance change relative to annual frequency of heatwaves. (B) Response to winter heatwaves. Regression slopes for (A) Y = –0.064 (±0.035 SE) – 0.0012.STI (±0.0027 SE), p = 0.65; (B) Y = –0.081 (±0.026 SE) + 0.0047.STI (±0.0021 SE), p = 0.028.
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FIGURE 5. (A) Response to summer cold spells and (B) response to winter cold spells. Regression slopes for (A) Y = 0.049 (±0.076 SE) – 0.0024.STI (±0.0061 SE), p = 0.70; (B) Y = –0.160 (±0.043 SE) + 0.0047.STI (±0.0021 SE), p = 0.33. Regression intercept for (B) was significantly negative (p = 0.0005).


The negative slopes of abundance change on event frequencies shown in Figures 3A,B show that the change in abundance to the previous year becomes more negative with more heatwaves. Most species trends, as regression slope of change in abundance versus frequency of heatwaves per year, were negative (n = 35), showing greater decreases in abundance in years with more frequent heatwaves, with only nine species increasing in abundance due to an increase in the number of summer heatwaves. Summer heatwaves more frequently had negative effects but the magnitude of effects was not related to species thermal affinity (Figure 4A and Table 2).


TABLE 2. Meta-analysis of species responses to frequencies of extreme climatic events, expressed as the sign of the slope of annual change in abundance to the number of extreme events, for time series in abundance of United Kingdom rocky shore species between 2002 and 2019.

[image: Table 2]Effects of summer cold spells on abundance were not consistently positive or negative (Figure 5A). There was a higher frequency of negative species responses to winter cold spells (Table 2), as expected, but no significant effect of species thermal affinity on responses (Figure 5B).



Storm Damage

Storm damage to intertidal habitats during the extreme events of the winter of 2013/2014 was site specific. Alterations to rock substrate were recorded at several sites; Lizard Point, Cornwall (49.9590, −5.2080), Renney Rocks, south Devon (50.3179, −4.1310), and Osmington Mills, Dorset (50.6330, −2.3760) experienced smothering by large amounts of soft sediment transported from nearby beaches, rocky habitat was uncovered by the loss of most of the sediment from the beach at Crackington Haven, north Cornwall (50.7417, −4.6405), a large boulderfield appeared on top of the soft sediment beach at Porth Neigwl, north Wales (52.7908, −4.5404), and large sections of rock cliff face were removed by the storms at Portland Bill (50.5130, −2.4600) (Figure 6). The smallest biological impacts of the storm events were seen at St. Ives (Figures 7A,B). Variation in the abundance and presence of species was evident between spring and winter each year, but this is in line with natural seasonal cycles at both the lower and mid eulittoral shore zones. No species were entirely removed from the community at this site by the storm events, and there was no change to the rocky habitat.
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FIGURE 6. MarClim sites where storm damage was recorded in England and Wales, and biannual storm damage survey locations at Crackington Haven, Trevone, and St. Ives.
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FIGURE 7. (A) Multi-dimensional scaling ordination of communities diversity per season (S, Spring; A, Autumn) from immediately after the storm events in spring 2014 until autumn 2018 in the low eulittoral at St. Ives, (B) Multi-dimensional scaling ordination of communities diversity per season (S, Spring; A, Autumn) from immediately after the storm events in spring 2014 until autumn 2018 in the mid eulittoral at St. Ives. Based on Bray Curtis similarity coefficient, non-standardised data and square root transformed abundances.


Crackington Haven had no species present on the rocky habitat that was uncovered by the storm events in the lower and eulittoral zones in 2014 and 2015. Species had begun to colonise these vacant rock habitats in 2016, with increasing species diversity in 2017 and 2018. There was a seasonal signal as for St. Ives which is related to natural seasonal cycles (Figures 8A,B).
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FIGURE 8. (A) Multi-dimensional scaling ordination of communities diversity per season (S, Spring; A, Autumn) from immediately after the storm events in 2015 until autumn 2018 in the low eulittoral at Crackington Haven, (B) Multi-dimensional scaling ordination of communities diversity per season (S, Spring; A, Autumn) from immediately after the storm events in spring 2014 until autumn 2018 in the mid eulittoral at Crackington Haven. Based on Bray Curtis similarity coefficient, non-standardised data and square root transformed abundances.


The largest biological responses were recorded at Trevone. At this site the complete removal of adult mussels (Mytilus edulis, Mytilus galloprovincialis and hybrids) from the lower eulittoral zone impacted the wider intertidal community (Figure 9A). Spring 2014 and spring and autumn 2015 were visually different to subsequent years, as biological recovery had not occurred. The low eulittoral took longer to stabilise than the mid eulittoral zone due to almost all adult mussels in the low eulittoral zone being removed by the storms (Figure 9B), and did not show signs of recovery until 2016, when juvenile M. edulis settlement had occurred in this zone. Similar to St. Ives and Crackington Haven, seasonal cycles were evident in the data.
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FIGURE 9. (A) Multi-dimensional scaling ordination of communities diversity per season (S, Spring; A, Autumn) from immediately after the storm events in spring 2014 until autumn 2018 in the low eulittoral at Trevone, (B) MDS plot showing communities diversity per season (S, Spring; A, Autumn) from immediately after the storm events in spring 2014 until autumn 2018 in the mid eulittoral at Trevone. Based on Bray Curtis similarity coefficient, non-standardised data and square root transformed abundances.


At all three sites where storm damage occurred, the community abundance and composition showed a gradual shift from the early 2000s, but no abrupt shift after the winter 2013/2014 storms (Figure 10). These sustained observations surveys demonstrate how the extreme storm events did not drive significant impacts across the rocky intertidal communities, with biodiversity not being significantly affected. Whilst a short-term change in some species was recorded in the quadrat surveys, the biological communities returned to the long-term composition within a few years as colonisation and succession occurred at all three sites.
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FIGURE 10. Multi-dimensional scaling ordination of MarClim community data at (A) St. Ives, (B) Crackington Haven, and (C) Trevone over the long-term time-series 2002–2019. Based on Bray Curtis similarity coefficient, non-standardised data and square root transformed abundances.




DISCUSSION

Year-to-year changes in occupancy-derived measures of abundance for rocky intertidal species are a sensitive metric with which to track the vulnerability of species to extreme thermal events occurring in the marine climate. Declines in abundance were seen for the majority of invertebrates and macroalgae, regardless of their biogeographic origin, to anomalously warm conditions whenever they occurred during the year, with only responses to winter warm events influenced by thermal affinity. Thermal affinity of species also influenced responses to intense cold spells in winter, but not to the anomalous cooler spells in summer months, reflecting the seasonal acclimatory ability of temperate intertidal species (Vinagre et al., 2016), which are more cold-tolerant during the winter period where environmental temperatures are lower (Bourget, 2011). The negative responses of most species to summer heatwave frequencies again supports the occurrence of seasonal acclimation including drought hardening in upper shore algae (e.g., Schonbeck and Norton, 1979), and suggests that whilst temperate intertidal species are able to tolerate short periods of extreme heat or cold, they are more responsive to pervasive changes in the climate that occur across decadal timescales ultimately influencing performance in terms of growth and reproductive output leading to recruitment. The responses of intertidal species in the British Isles match global-scale analyses, indicating a general relationship between species thermal affinity and responses to marine climate change across the world (Webb et al., 2020), supporting the value of thermal affinity calculations in advancing the ability to accurately forecast population abundances and future distributional shifts (Sunday et al., 2012).

Our work has focused on analysing SST, rather than air temperature. In coastal waters, warm anomalies in summer sea temperatures are associated with heatwave summer air temperatures and very mild winter air temperatures; anomalously cold events in both winter and summer similarly follow air temperatures. Thus sea temperatures can indicate what is happening when the tide is out (e.g., Poloczanska et al., 2008) Extreme heat events, especially when the tide is out, will trim back the upper limits of species of both algae and animals, especially high on the shore (e.g., F. spiralis and P. canaliculata; Schonbeck and Norton, 1979; Hawkins and Hartnoll, 1985; see Figure 4), but do not seem to cause damage throughout the whole zone of a species. Those species that span the lower water mark such as Laminaria digitata are also highly susceptible. Interestingly as reported previously (Schonbeck and Norton, 1979; Hawkins and Hartnoll, 1985) mid and low shore fucoids showed much less damage than high shore fucoids, although in contrast to the 1970s and 1980s, some slight but not fatal damage was noticed in 2018–2020 across many locations in southwest England in F. vesiculosus, Ascophyllum nodosum and Fucus serratus at their upper zonal limits. Thus zones may be shifted downshore if physical factors act at the top of the zone and squeezed if biological interactions intensify at the bottom of a zone, as recently shown with a combination of observations of upper limit heat damage to Fucus guiryi (recently split from F. spiralis) in Azores, coupled with increased grazing damage lower in the zone due to spread of herbivorous fish from further south – showing a combination of direct and indirect effects of climate change (Martins et al., 2019).

The extreme storm events of winter 2013/2014 caused physical and ecological damage to intertidal ecosystems around the coastlines of England and Wales. These storms were unprecedented in terms of their wave height and magnitude in combination with high winds and heavy precipitation. They occurred during periods of large tides, exacerbating the impacts on intertidal habitats and ecosystems. The time-series surveys showed that the storm impacts were site-specific, with locations on the same stretch of coastline experiencing either biological removal, physical habitat damage, or the removal or deposition of soft sediment from neighbouring beaches. Some sites at exposed locations showed little biological variation from long-term trends in biodiversity and abundance, as species inhabiting these areas have evolved to tolerate rough sea conditions.

Biological impacts were site specific and species specific, with loss of the blue mussel M. edulis/M. galloprovincialis hybrids at Trevone, north Cornwall, with slow recovery due to new recruits taking a few years to attain the body size similar to those individuals removed during the storms. Damage to kelp beds was also recorded at many sites around southwest England, however, these species have evolved to survive in areas of high wave exposure and no reduction in SACFOR abundance of the six main species was recorded in subsequent years. Whilst declines in abundance in species of kelp were recorded immediately after the storm events (Smale and Vance, 2016), the lack of subsequent surveys by these authors meant that they did not record the recovery that occurred within a year or so of these storms as species abundance, composition and extent of kelp forests rapidly returned to pre-storm conditions (Mieszkowska and Sugden, 2016b, 2017, 2018). Rapid recovery has previously been found in experimental clearances of seaweed canopies in both the intertidal and shallow subtidal zone, with recovery within 2 years of laminarian (Hawkins and Harkin, 1985) and F. serratus canopies (Jenkins et al., 1999a), but not A. nodosum (Jenkins et al., 1999b, 2004) that recovers much more slowly. The biannual quadrat surveys demonstrated how species loss and subsequent recovery occurred at one site, Trevone. In contrast colonisation of “new” habitat after the beach sediments were washed away at Crackington Haven showed typical biological succession, with little biological impact recorded at St. Ives. These data echo the lack of significant long-term impacts recorded in the MarClim time-series surveys, and highlight the range of impacts occurring along the same stretch of coastline.

The site-specific effects of these events show how difficult it will be to accurately predict future impacts for intertidal ecosystems. Regardless of the type of impact, communities returned to their long-term species composition within a few years, although the biogenic habitat created by blue mussels will require several years for the newly settled organisms to grow and mature sufficiently for the communities to regain their previous structure and functional capacity. These findings support the importance of considering both the mean and variance when assessing climate change impacts (Benedetti-Cecchi, 2001, 2003; Bertocci et al., 2005; Vasseur et al., 2014) and the role of both weather and climate in shaping the distribution of species, as has also been shown for intertidal species across the Pacific (Harley and Paine, 2009; Mislan et al., 2009; Williams et al., 2016), Atlantic (Birchenough et al., 2015), and Mediterranean (Sarà et al., 2014). These studies support the hypothesis that heterogeneous performance is linked to latitude for intertidal systems around the world (Kingsolver et al., 2013; Mangano et al., 2020).

Long-term sustained observing of rocky intertidal species of macroalgae and invertebrates in the British Isles has put both the extreme temperatures and the storm damage with subsequent recovery into a longer-term context. Across the 2000s there was a species-specific increase in abundance of many Lusitanian species at many time-series sites around the United Kingdom, with extensions in the leading range edges of several gastropods and cirripedes (Mieszkowska et al., 2006; Mieszkowska and Sugden, 2016a). This general increasing trend stopped in 2010 when SST began to cool around the United Kingdom in response to the slowdown in the AMOC, but continued again after 2014; no obvious impacts of extreme thermal or storm events lasting more than a few years were apparent (Burrows et al., 2020). Our data show how pervasive climate change is ultimately driving the abundance and distribution of these species. In contrast short-term changes caused by proximate direct extreme events are much less long-lasting. These can, however, influence abundance along sharp local environmental gradients such as zonation patterns on rocky shores and could contribute to decreases in abundance and local extinctions – especially high on the shore should their frequency of occurrence increase and return time shorten (Benedetti-Cecchi, 2001; Bertocci et al., 2005). Moreover, climate change is more than just temperature and storm driven disturbance events can be important – especially in the North-east Atlantic where they tend to occur in anomalously warm, wet and windy NAO positive winters such as 2013/2014.

The data provide support for hypothesis (a), as cold-affinity species were more negatively impacted by heatwaves than warm-affinity species with warmer thermal tolerance ranges, and partial support for hypothesis (b), because cold spells in winters had greater negative effects on warm-affinity species, although this was not supported for summer cold spells. Summer heatwaves and winter cold spells did have greater impacts on species abundances, regardless of thermal affinity, than winter warm spells and summer cold spells, providing support for hypothesis (c).

Our study shows that the impacts of heatwaves, cold weather events, and extreme storm events can be seen in annual sustained observing spanning long timescales over large spatial scales. Time-series data such as these allow the impacts of extreme events to be placed into context of long-term pervasive trends in the environment and resultant impacts on biodiversity. With better understanding of the role of species traits and thermal tolerances in shaping responses to short-term events (Helmuth et al., 2015; Mieszkowska et al., 2019), we can make more robust predictions of future impacts of climate-driven change.
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Timings of individual events are shown in Figure 1.
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