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Introduction

By altering historic environmental conditions, the ongoing climatic and oceanographic change is modifying the structure of biological communities worldwide (Wernberg et al., 2024; Wiens and Zelinka, 2024; Yin and Rudolf, 2024; Dudgeon and Strayer, 2025). A growing number of studies are documenting these changes and trying to understand the causes. While the particular causes vary across ecosystems, they are often related to temperature changes (Menge et al., 2023; White et al., 2023; Pinsky et al., 2025; Wolfe et al., 2025). A general notion posits that the ongoing abiotic changes are destabilizing communities in various ways, decreasing the local abundance of some species while increasing that of others that benefit from the new conditions (Sahade et al., 2015; Zhang et al., 2018; Virta and Teittinen, 2022; Edmunds, 2024a). Many communities, however, frequently experience strong disturbances that leave them switching back and forth between early and intermediate successional stages (Sousa, 1984; Smale, 2007; Sugihara et al., 2018). For such cases, climatic or oceanographic changes that weaken local disturbances might actually increase community stability, at least for some time before the abiotic changes become themselves too strong.

On the Atlantic coast of Nova Scotia (Canada), there are signs suggesting that the above phenomenon is taking place. As done for other shores (Hawkins et al., 2019; Palomo et al., 2019; Menge et al., 2019; Ishida et al., 2021; Thyrring et al., 2021), years ago we conducted annual surveys to understand the latitudinal biogeography of rocky intertidal communities along this coast (Scrosati et al., 2022). In four consecutive years from 2014 to 2017, we measured the summer abundance of seaweeds and invertebrates at mid-to-high intertidal elevations in wave-exposed habitats at nine locations spanning 415 km of the Atlantic coast of mainland Nova Scotia. Based on those surveys, fairly consistent biogeographic patterns emerged. Communities from southern locations generally had more species and a greater coverage of the substrate than communities from northern locations. In turn, southern communities remained relatively stable over the years, while more interannual instability characterized northern communities (Scrosati et al., 2022).

The interannual instability of northern communities was largely driven by the irregular occurrence of intertidal ice scour. Every winter, sea ice develops extensively across the Gulf of St. Lawrence (Saucier et al., 2003), which is a large coastal body of water situated north of Nova Scotia (Figure 1). In late winter and early spring, many ice fragments leave this gulf and drift south following the open Atlantic coast of Nova Scotia until they melt. The southern reach of drift ice on this coast depends on the amount of ice formed in the Gulf of St. Lawrence in winter. When abundant drift ice reaches a location on the Atlantic coast, severe intertidal disturbance occurs as the ice fragments scour the substrate with waves and tides, leaving the substrate barren and triggering a primary succession (Petzold et al., 2014). If drift ice is absent or uncommon in the following year, intertidal communities can advance to a more developed successional stage, only to return to an early stage when drift ice returns in another year. Thus, northern communities on the open Atlantic coast of Nova Scotia have traditionally switched back and forth between early and intermediate successional stages. At southern locations on this coast, drift ice was absent or very rare between 2014-2017, which in part explains the interannual stability and high coverage of the substrate of their intertidal communities (Scrosati et al., 2022).




Figure 1 | (A) Map of the Atlantic Canadian coast in Nova Scotia indicating the name and position of the 8 locations surveyed in 2024. (B) View of typical wave-exposed rocky intertidal habitats surveyed for this study (photo taken at L6 on 9 March 2024). (C) View of a Fucus stand from the surveyed habitats photographed at L5 on 26 July 2024. (D) View of a mussel stand from the surveyed habitats photographed at L6 on 20 June 2015. (E) View of a barnacle stand from the surveyed habitats photographed at L1 on 22 July 2024. (F) NMDS ordination of the centroids of the 8 locations surveyed in 2024 (based on the abundance of sessile species) grouped by threshold Euclidean distances between centroids. (G) Close-up detail of the NMDS ordination of all locations excluding L4. The photographs were taken by RAS at low tide.



Currently, however, environmental conditions on this coast are moving away from what they historically were. For example, the waters of the Gulf of St. Lawrence are warming, which decreases the formation of sea ice in winter (Galbraith et al., 2024) and thus the export of drift ice to the open Atlantic coast. At the same time, pronounced cold snaps following relatively mild conditions in winter (see Figure 1 in Cameron and Scrosati, 2023) can now occur because of the ongoing Arctic amplification (Cohen et al., 2021; You et al., 2021). In addition, cyclones formed in the tropical Atlantic now reach southern Nova Scotia more frequently (Scrosati, 2020, 2023). As these abiotic changes have the potential to alter historic biogeographic patterns along the Nova Scotia coast, we surveyed intertidal communities again in 2024, ten years after our first survey. As repeated monitoring is necessary to detect ecological change (Raimondi et al., 2019; Estes and Vermeij, 2022; Meunier et al., 2024; Sato et al., 2025), the present article makes this new dataset available to facilitate future evaluations of change in addition to evaluating recent changes.





Methods of data collection and analysis

Between 22-28 July 2024, we measured the abundance of seaweeds and sessile invertebrates at eight of the nine locations surveyed annually from 2014 to 2017 (Figure 1). We collected the data in the same habitats surveyed in those four years, which are located at the mid-to-high intertidal zone of wave-exposed areas (those directly facing the open ocean; Figure 1). The geographic coordinates of each location and the surveyed elevations (in meters above chart datum) are available from Scrosati et al. (2022). For simplicity, hereafter we refer to those locations as L1 to L8 from north to south (see their full names in Figure 1). The only location not surveyed in 2024 was the southernmost location surveyed in 2014-2017, which is smaller than all others and thus only allowed for a limited number of sampling units to be examined. In 2024, we followed the same sampling protocol as employed before. At each surveyed location during a low tide, we measured the percent cover of sessile species (seaweeds and sessile invertebrates) and the density of mobile species (snails, etc.) found in 30 random quadrats measuring 20 cm x 20 cm. As done by Scrosati et al. (2022), here we focus on the percent cover of sessile species because the density of mobile species may locally change daily depending on weather conditions at low tide (e.g., cool rainy days vs. warm sunny days), which makes snapshot data less representative of their seasonal abundance. We used field guides (Gibson, 2003; Martínez, 2003) and taxonomic keys (Pollock, 1998; Sears, 1998; Villalard-Bohnsack, 2003) for species identifications. The full dataset on species abundance for 2024, including collection dates, is freely available from the figshare online repository (Scrosati and Cameron, 2025). The 2014-2017 abundance dataset is available from Scrosati et al. (2022). Maps of the specific areas sampled at each location are available from Scrosati and Ellrich (2022).

In this article, we provide a basic analysis of the patterns encountered for sessile species in 2024 and highlight the main changes relative to 2014-2017. To test if species composition (a combined measure of species identity and abundance) differed among locations in 2024, we ran a permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis distances between quadrats and involving 9999 permutations (Anderson, 2017). As significant differences were detected (see below), we evaluated how species composition varied across locations through a nonmetric multidimensional scaling (NMDS) ordination based on Bray-Curtis scores (Clarke et al., 2014). Because these analyses showed signs of changing latitudinal patterns in communities relative to the 2014-2017 patterns, we examined interannual changes in the abundance of iconic taxa that often define community structure on temperate rocky shores through facilitation or competition (Hawkins et al., 2019; Palomo et al., 2019; Menge et al., 2019; Ishida et al., 2021; Thyrring et al., 2021). In the studied habitats (mid-to-high intertidal zone of wave-exposed areas), these taxa are brown algae of the genus Fucus (F. vesiculosus and F. distichus edentatus), barnacles (Semibalanus balanoides), and mussels of the genus Mytilus (M. edulis and M. trossulus). The species belonging to a same genus were lumped for our analyses because they are sometimes difficult to tell apart in the field (especially the juveniles) and because they have similar ecological effects. Photographs of these organisms are shown in Figure 1. We evaluated interannual changes in the abundance of these taxa at each location through permutational analyses of variance (ANOVA) involving 9999 permutations. We did these analyses with PRIMER 6.1.18 plus PERMANOVA+ 1.0.8 software (Clarke and Gorley, 2006; Anderson et al., 2008).

Since scour by drift ice is a major factor influencing latitudinal patterns in intertidal species composition on this coast (see above), we also evaluated recent changes in coastal ice load to assess their role in the community changes detected in 2024. To measure coastal ice load, we followed the same approach as for the 2014-2017 study (Scrosati et al., 2022). We used daily ice charts (Canadian Ice Service, 2025) to measure the daily concentration of coastal drift ice at our eight locations for each year between 2014 and 2024. Even though drift ice occurs on the open Atlantic coast of mainland Nova Scotia in late winter or early spring, we examined all ice charts available for the November–April periods to ensure the inclusion of all ice data. We then used those daily values to produce an annual score of cumulative ice load for each location, which is a proxy for ice scour intensity (Petzold et al., 2014).





Signs of changing latitudinal community patterns

As for 2014-2017 (Scrosati et al., 2022), species composition in 2024 differed significantly among the surveyed locations (pseudo-F = 33.58, P < 0.001). However, the latitudinal pattern for 2024 showed important differences relative to the patterns found for 2014-2017, as revealed by NMDS ordinations. The ordinations for 2014-2017 can be seen in figure 4 of Scrosati et al. (2022). To facilitate comparisons with those years, here we group locations in the ordination for 2024 using the same threshold distances that were used in the ordinations for 2014-2017.

The ordination for 2024 indicated that, for the first time since we began monitoring this coast, all locations except one (L4) formed a relatively homogeneous group (Figure 1). Differences between the three northernmost locations (L1 to L3) and the four southern locations (L5 to L8) only occurred under the most stringent of the three threshold distances used to group locations (Figure 1). Conversely, for the 2014-2017 period, L1 and L3 were never grouped with the southern locations even under the least stringent threshold distance used, while L2 was grouped with the southern locations in only three of those four years (Scrosati et al., 2022).

The convergence in species composition between northern and southern locations found in 2024 parallels the growing abundance of Fucus seen recently at northern locations (Figure 2). These algae act as foundation species when abundant, as fucoid canopies ameliorate local abiotic conditions and provide safe habitat for small species (Watt and Scrosati, 2013). Fucoid canopies have been consistently extensive at southern locations over the years (Figure 2), which was generally associated with a higher species richness (Scrosati et al., 2022). However, now these canopies are also growing in extent at northern locations, more recently at L1 and L3 than at L2 (Figure 2; ANOVAs’ P < 0.05). This expansion of fucoid canopies is occurring as the frequency of ice scour is decreasing. The irregular occurrence of disturbance by drift ice at northern locations used to keep their intertidal communities fluctuating between early and intermediate successional stages over the years (Petzold et al., 2014; Scrosati et al., 2022). In recent years, however, drift ice along the entire Atlantic coast of mainland Nova Scotia has become rare to inexistent (Figure 2), likely as a result of the decreasing buildup of sea ice in the Gulf of St. Lawrence in winter (Galbraith et al., 2024). Although not as quickly as in recent years, the southern reach of drift ice on the open Atlantic coast of Nova Scotia has been decreasing even before we started our monitoring program. As an example, abundant drift ice reached the coast in the L6 region (central Nova Scotia) in April 1987, causing extensive intertidal disturbance (McCook and Chapman, 1997; Minchinton et al., 1997), but such an intense ice scour has not occurred since then that far south on this coast. In fact, as of 2024, the last occurrence of abundant drift ice causing intense ice scour along this coast was in 2014 and it only reached as far south as L4 (Petzold et al., 2014). This ongoing loss of seasonal drift ice is therefore what may be allowing Fucus to grow at northern locations at levels traditionally seen in southern locations. As expected, these changes are being accompanied by increases in species richness at northern locations. For example, including sessile and mobile species together (see data in Scrosati and Cameron, 2025), species richness has increased by an average of 2.5 times at locations L1 to L3 from 2014 to 2024. Similar increases in species richness and macroalgal cover have been reported for intertidal habitats in Svalbard (Arctic Norway) following recent reductions in sea ice duration and extent (Weslawski et al., 2010).




Figure 2 | (A) Percent cover of Fucus (mean ± SE) at the mid-to-high intertidal zone of wave-exposed habitats at the 8 studied locations in 2014-2017 (data from Scrosati et al., 2022) and 2024 (data from this article). (B) Percent cover of mussels (mean ± SE) at the mid-to-high intertidal zone of wave-exposed habitats at the 8 studied locations in 2014-2017 (data from Scrosati et al., 2022) and 2024 (data from this article). (C) Percent cover of barnacles (mean ± SE) at the mid-to-high intertidal zone of wave-exposed habitats at the 8 studied locations in 2014-2017 (data from Scrosati et al., 2022) and 2024 (data from this article). (D) Cumulative ice load (in winter to early spring) at the 8 studied locations plotted for each year between 2014 and 2024 (only the codes for 2014, 2015, 2019, and 2020 are indicated in this panel because ice load was null at all locations in 2016, 2017, and 2021 and null at some locations and negligible at others in 2018, 2022, 2023, and 2024).



Mussels have also become more similar in abundance across the studied locations recently, thereby also contributing to the convergence between northern and southern communities on our coast. However, as opposed to Fucus, mussel cover is now uniformly low along the coast (Figure 2). At northern locations (L1 to L3), mussels used to be rare or absent, but recently they have slightly increased their abundance (Figure 2; ANOVAs’ P < 0.05) possibly as a result of the lack of ice scour and the protection conferred by the newly extensive fucoid canopies. Conversely, at southern locations (L6 to L8), mussels used to be abundant but recently their extent has fallen dramatically (Figure 2; ANOVAs’ P < 0.05). At L8, their abundance had been steadily decreasing since 2014, seemingly as part of a trend also reported farther south in New England (Sorte et al., 2017). However, in February 2023, an unusually severe cold snap was followed by the mass disappearance of mussels at mid-to-high elevations in wave-exposed habitats, which we documented at L6 to L8 (Cameron and Scrosati, 2023). Although some recolonization (probably from populations at lower elevations) took place one year later (Scrosati and Cameron, 2024), their abundance was still untypically low in 2024 (Figure 2).

In contrast to fucoid algae and mussels, barnacles are starting to exhibit differences in abundance between northern and southern locations. In 2014-2017, barnacles occurred in similar abundances along the coast, with relatively moderate values everywhere (except for a marked spike at L2 in 2014 shortly after intense ice scour). However, now their abundance is becoming consistently higher at northern locations than at southern locations, where they are becoming rare (Figure 2; ANOVAs’ P < 0.05). While it is unclear why barnacles are decreasing in abundance in southern communities, their recent gains in northern communities may also respond to the growing extent of fucoid canopies or to warming-induced increases in recruitment (Scrosati and Ellrich, 2024). As barnacle stands facilitate mussel recruitment (Seed, 1969; Navarrete and Castilla, 1990; Menge et al., 2011), mussels might keep increasing in abundance at northern locations and might eventually outcompete barnacles as succession without drift ice proceeds, although extreme abiotic events (such as pronounced cold snaps) might alternatively prevent this from happening.

A separate comment is worth for L4, as this location represents an exception to the changes seen at L1 to L3 in recent years. Between 2014 and 2024, L4 has shown little variation in the abundance of mussels and barnacles (Figure 2) and actually no significant changes in the abundance of fucoid algae (ANOVA’s P = 0.25), which has remained consistently low (Figure 2). While all surveyed locations face open oceanic waters and are thus exposed to strong wave action, the intertidal zone at L4 has a very steep slope that may result in higher hydrodynamic forces that limit species colonization to intertidal substrates more strongly. Either way, L4 remains as an anomaly for the general patterns described above based on the other locations.





Concluding remarks

The historical pattern of latitudinal variation in intertidal community structure along the Nova Scotia coast is changing in connection to ongoing environmental variation. Overall, northern communities seem to be gaining stability as ice scour becomes infrequent to absent, while southern communities are starting to show signs of instability as some of their iconic species, such as mussels, can now show marked interannual changes linked to extreme abiotic events. In broad terms, these changes appear to exemplify trends of poleward movement of community patterns while communities closer to the trailing edge become more unstable, as seen in other systems (Raimondi et al., 2019; Rodman et al., 2022; Pinsky et al., 2020). However, climatic and oceanographic change does not only involve changes in average conditions but also increases in the frequency of extreme events (IPCC, 2023), suggesting that these intertidal systems will change in unexpected ways. For example, it is unknown if mussels will ever regain historical abundances anywhere on the studied coast given their sensitivity to extreme events. Persistently low mussel abundances would likely decrease intertidal diversity through the collapse of the myriad species that mussel stands can host (Arribas et al., 2014), which may end up affecting other levels of the intertidal food web. These unexpected changes might ultimately lead to the establishment of novel community types (Conradi et al., 2024; Kerr et al., 2025) or regime shifts (Kortsch et al., 2012; Meunier et al., 2024). Continued abiotic and biotic monitoring is thus necessary (Edmunds, 2024b) to understand community trajectories and predict future biogeographic changes for this coastal metaecosystem.
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