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Marine foundation species are increasingly impacted by anthropogenic stressors, driving a loss of 
diversity within these critical habitats. Prior studies suggest that species diversity within mussel 
beds has declined precipitously in southern California, USA, but it is unclear whether a similar loss 
has occurred farther north. Here, we resurvey a mussel bed community in northern California first 
sampled in 1941 to evaluate changes in diversity after 78 years. More broadly, we explore the value 
and potential challenges of using imperfect historical data to assess community changes. Our 2019 
survey documented 90 species/taxa across 10 phyla. The majority of species (~ 72%) were common to 
all replicate plots, suggesting that variation in species diversity over small spatial scales was unlikely 
to mask temporal changes. In contrast to results from southern California, we observed no decline 
in species diversity between timepoints. However, there were shifts in species composition, with an 
increase in the abundance of southern species and a decrease in northern species, consistent with 
warming observed at a nearby shoreline site. Overall, our findings are an encouraging sign for the 
health of this mussel bed community in northern California and illustrate how non-traditional data can 
contribute to assessments of long-term ecological change.
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Humans have negatively impacted global biodiversity through changes in land/sea use, pollution, invasive 
species, extraction of natural resources, and climate change1–3. Impacts of this biodiversity crisis include 
species extinctions, a reduction in population sizes and genetic diversity, and the loss of ecologically important 
functional traits4,5. Changes often cascade through the ecosystem, affecting functioning and productivity6 and 
subsequently impacting ecosystem services2.

Anthropogenic effects on natural communities are difficult to evaluate without quantitative baseline 
measurements. However, most ecological data sets typically span only a few years7, and historical sources of 
information are often scarce, underutilized, or forgotten. Recovering and evaluating archival records can help 
bridge temporal gaps between paleobiological and modern data sets and may provide new insights into ecological 
change8–10. These resources can take a variety of forms including unpublished reports, museum collections, 
maps or photographs, species lists from field surveys, traditional ecological knowledge, or other information 
not published in the scientific literature11–13. However, because many of these documents were collected without 
modern scientific goals and methods, there are often limitations. For example, records are typically fragmented, 
surveys may have minimal or no replication, and sampling methods may be poorly described or unknown, 
among other biases9,14. This raises questions regarding how researchers can best address the limitations of 
historical data sets to make them more informative for evaluating ecosystem change12.

Researchers in terrestrial systems have a long history of utilizing historical data14–16. For example, museum 
records and data sets spanning decades to centuries have been used to document phenological changes and 
range shifts in many plant and animal species in response to a changing climate17–20. In contrast, the use of 
historical resources in marine ecosystems is less common [but see21–24].
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Marine foundation species, including corals, seagrasses, kelp forests and mussel beds, are often critical 
to community organization and biodiversity because they create a habitat matrix for many organisms to live 
within25,26. Many of these foundation species are threatened by human impacts and their abundance and 
associated ecosystem services are declining at a rapid rate27–30. In many temperate regions, mussels are important 
foundation species that create three-dimensional beds that serve as a structurally complex habitat matrix. Mussel 
beds provide a refuge from environmental stressors31,32 and predators33 and thus harbor a diverse assemblage of 
taxa34,35. These habitats are threatened by multiple anthropogenic stressors including climate change, pollution, 
harvesting, trampling, dredging, and trawling29,36,37.

The California mussel (Mytilus californianus) forms extensive mid-intertidal beds in the northeast Pacific 
that support a rich fauna of hundreds of species38,39. Previous research in southern California, USA, has 
documented declines in the area and three-dimensional structure of mussel beds40, and comparisons between 
historical data (1960s to 1970s) and more recent surveys have shown striking declines in the species richness 
of mussel bed inhabitants41. However, there is little information regarding whether similar declines in mussel 
bed diversity have occurred farther north. In addition to declines in species diversity in mussel beds and other 
intertidal habitats in California42, there have been climate-related shifts in the species composition of intertidal 
communities. In particular, the abundance of warm-adapted species with primarily southern geographic ranges 
has increased in California in association with warming temperatures43–45.

In this study, we resurveyed an intertidal mussel bed community near Dillon Beach in northern California 
that was first studied in 1941 as part of a field course taught at the University of California, Berkeley46. The 
researchers sampled a single mussel bed plot using a very large quadrat (area = 0.70 m2). They identified and 
counted thousands of organisms in the plot and measured the size structure of the mussel bed. Using photos and 
hand drawn maps from the report, we relocated and resampled the exact same mussel bed plot in 2019 (Fig. 1). 
The lack of plot replication in the original 1941 survey was a concern, so in 2019, we sampled four replicate 
mussel bed plots (quadrat area = 0.16 m2) within the same rocky point to evaluate whether local plot-to-plot 
variation was large enough to overwhelm detection of any temporal patterns of change. We hypothesized that 
this historical comparison of surveys would reveal an overall decline in species diversity and an increase in the 
relative abundance of warm-adapted species. These comparisons of survey data also serve as a case study regarding 
the potential value and challenges of using historical records to evaluate changes in natural communities. In 
particular, we explored whether the limited historical data available can inform an understanding of temporal 
changes within a mussel bed community given the potential for spatial variation within the habitat. Finally, we 
investigated whether ecological changes in this intertidal mussel bed community are consistent with observed 
changes in water temperature and exposure to aerial conditions (emersion times) over the ~ 80-year time period 
between surveys.

Fig. 1.  (a) Mussel bed plot (‘Station F’) on a large rock boulder at Dillon Beach, California, after sampling 
by graduate students Harvey I. Fisher and Milton Hildebrand in May/June 194146. Dotted line outlines the 
area sampled for taxa living in the mussel bed (2.5 ft wide x 3 ft tall = 0.70 m2). (b) The same rock boulder 
photographed 77 years later in May 2018, about one year before resampling was conducted.
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Results
Across the plots sampled in 2019, we counted and identified over 37,000 individuals comprising 90 species/
taxa across 10 phyla (Appendix S1). An estimated 45,573 individuals were found in the mussel plot in 1941, 
compared to 34,340 in our 2019 survey. The decline in total abundance was driven by a decrease in estimated 
acorn barnacle abundance from 37,000 (1941) to just under 18,000 (2019).

Mussel size distribution
The 2019 resurvey of the original plot contained three times more mussels than the 1941 survey (14,199 vs. 
4,652 mussels; Appendix S2: Table S2). The mean mussel length decreased slightly between 1941 and 2019, from 
26.3 to 17.4 mm (Fig. 2a; W = 26211681, p < 0.001). The 1941 survey contained more medium to large mussels 
compared to 2019, and both surveys were dominated by small mussels (< 25  mm) (Fig.  2a; Chi-square test, 
χ2 = 2329.5, df = 21, p < 0.001).

Mussel size distribution was compared among four spatial replicates with one of the replicates (“F&H 
Subsample”) being a subsample of the original large plot sampled in 1941. The number of mussels in the four 
spatial replicates sampled in 2019 ranged from 17,788 to 34,756 mussels/m2 (Appendix S2: Table S2). Mean 

Fig. 2.  Size frequency distribution of mussels, Mytilus californianus, in field surveys. Bars are the percent of 
total mussels in each size category, grouped by 5 mm size bins. (a) Comparison of the historic survey in 1941 
to the 2019 survey of the same large 0.70 m2 plot. (b) Comparison of the four 0.16 m2 replicate plots in 2019. 
‘F&H Subsample’ is a subsample of the plot used in the temporal comparison. Mean mussel length ± standard 
error, sample size (n) and density (number of mussels/m2) are reported for each plot.
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mussel bed depth also varied among the plots (Appendix S2: Fig. S1; ANOVA, F3,48 = 3.05, p = 0.038), and ranged 
from 4.5 to 17  cm. The mussel size distribution differed somewhat among the four replicates (Fig.  2b; Chi-
square test, χ2 = 2449.1, df = 69, p < 0.001). In particular, Plot 3 had many very small mussels (less than 5 mm), 
whereas the other three plots were dominated by mussels 5–30 mm in length. Mean mussel length varied among 
plots, but within a relatively narrow range from 16.4 to 20.2 mm (Fig. 2b; Kruskal-Wallis test, χ2 = 278.96, df = 3, 
p < 0.001).

Spatial variation in species diversity among replicate plots
In 2019, species richness was generally consistent among the four spatial replicate mussel bed plots and ranged 
from 35 to 39 species, with 26 species common to all four replicate plots (Fig. 3b). One plot contained 9 unique 
species; 8 of these species were uncommon, with fewer than 5 individuals. Species diversity and evenness were 
also similar among three of the four replicates (Fig. 4b and d); Plot 3 stood out as having higher species diversity 
and evenness.

Historical changes in species diversity
There was no evidence that species richness declined in the mussel bed plot between 1941 (31 species) and 2019 
(40 species) (Fig. 3a). There were 27 species common to both the historical survey and the 2019 survey (Fig. 3a). 
Four species were unique to the 1941 survey and 13 were unique in the 2019 survey. Three of the four species 
that were present in 1941 but absent when the original plot was resurveyed were present in the other replicate 
plots. Only one species that was present in 1941 (the sea cucumber Cucumaria pseudocurata, with an abundance 
of 79 individuals) was not found in any of the 2019 replicate plots. Many of the species unique to the 2019 survey 
were very uncommon, with 10 of the 13 species numbering 10 or fewer individuals across all of the 2019 surveys. 
Species diversity and species evenness were greater in 2019 than in 1941 (Fig. 4a and c).

Shifts in abundance
Species abundances and densities varied greatly between the surveys in 1941 and 2019 (Table  1; Appendix 
S2: Table S3). No obvious trends occurred across larger taxonomic groupings; i.e., no phyla or classes showed 
consistent changes (Appendix S2: Fig. S2). However, community composition showed a trend consistent with 
the predicted effects of increased water temperatures. All six of the northern species decreased in abundance by 
64–100%, and three of the four southern species increased in abundance (Fig. 5). Two of the northern species 
(the isopod Pentidotea wosnesenskii and the sea cucumber Cucumaria pseudocurata) were absent in the 2019 
survey of the historical mussel bed plot. However, a few P. wosnesenskii individuals were found in the replicate 
plots, indicating that this species was still present at Dillon Beach (Table 1). In contrast, the sea cucumber was 
not identified in any of our surveys; this species disappeared from the region following a harmful algal bloom 
in 2011 and has not recovered [Ref.47, Sanford, personal observations]. The barnacle Semibalanus cariosus, a 
northern species, declined precipitously from 162 individuals (1941) to only one individual (2019). Two 
primarily southern species (the chiton Mopalia lionata and the mussel Modiolus carpenteri) were not recorded 
in 1941 but had one and two individuals in the 2019 survey, respectively. Lastly, 22 of the cosmopolitan species 
(i.e., those with broad geographic ranges; see Methods) increased in abundance, 11 decreased, and one showed 
no change.

Fig. 3.  Differences in species richness in mussel bed communities for (a) the original large plot (0.70 m2) 
sampled in 1941 and 2019, and (b) a spatial comparison among four replicate plots (0.16 m2) sampled in 2019. 
The lightest grey color represents species present in both 1941 and 2019 (for a), or in all four of the plots (for 
b). Darker colors represent species present in only three or two plots (for b) and the darkest color represents 
species unique to that plot.

 

Scientific Reports |         (2025) 15:1930 4| https://doi.org/10.1038/s41598-025-86105-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
Historical changes in a mussel bed community
What conclusions can be drawn about ecological changes in this mussel bed community? Without more intensive 
historical sampling and replication of the baseline data, we cannot conclude with much confidence whether a 
given species of interest has changed in abundance over this 78-year period. Nonetheless, aggregate patterns 
emerge at the level of the entire data set, and two robust conclusions can be drawn. First, there is no evidence of 
a decline in species diversity in mussel beds at this study site in northern California. Secondly, relative to 1941, 
the abundance of northern species has declined, whereas the abundance of most southern species has increased.

Contrary to our expectation, these data provide no support for the hypothesis that species diversity has 
declined in mussel beds at Dillon Beach. Only one species disappeared between the 1941 and 2019 surveys. 
Species richness was greater in 2019 than in 1941(40 species versus 31 species, respectively; Fig. 3a). Most of the 
additional species recorded in 2019 were uncommon species found in low abundance. We cannot completely 
rule out that similarly uncommon species were present but overlooked by Fisher and Hildebrand46. However, 
at a minimum, our results suggest that species richness has not decreased compared to the initial sampling 
~ 8 decades ago. In contrast, Smith et al.41 documented a mean loss of 58.9% of species richness in mussel bed 
communities over ~ 15–30 years, primarily at sites in southern California (south of Point Conception).

Hypothesized drivers of the declines in diversity in southern California include a decrease in the areal extent 
of mussel beds48,49 and that mussel beds have transitioned from multi-layer beds to single layer beds40,50. In 
contrast, mussel beds at Dillon Beach, and almost all sites that we have surveyed in northern California and 
Oregon, generally have multiple layers51; Longman and Sanford, personal observation). Although we have 
historical data only from the Dillon Beach site, our surveys of mussel bed fauna at nearby Bodega Head (~ 11 km 
northwest of Dillon Beach) reveal a similarly high level of biodiversity (Sanford, unpublished data). Smith et 
al.41 hypothesized that the deterioration of mussel beds in southern California was likely related to climate 
change, especially declines in primary productivity and increases in ocean temperature. Mussel beds in northern 
California may be proportionally less impacted if the magnitude of oceanographic change has been less than in 

Fig. 4.  Species diversity in mussel bed plots as measured by the Shannon-Wiener index in (a) the temporal 
comparison, and (b) the spatial comparison. Species evenness as measured by Pielou’s Index for (c) the 
temporal comparison, and (d) the spatial comparison.
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southern California. The California coast is marked by the seasonal upwelling of cold, nutrient-rich water that 
fuels high primary productivity. In these systems, climate change is causing upwelling intensification in poleward 
regions and is predicted to cause increased productivity in poleward regions and decreased productivity in 
equatorial regions52. In the California Current during the last two decades, there has been a large contraction in 
the spatial extent of cool sea surface temperatures associated with upwelling in southern California, while only 
modest seasonal contraction has occurred in northern California53. This has been accompanied by an increase 
in surface chlorophyll-a concentration in central California and a decrease in productivity in the central North 
Pacific Gyre off southern Baja California. However, thus far, there are no apparent differences in productivity 
between northern and southern California54. In addition, warming of waters adjacent to the shoreline has been 

Fig. 5.  Changes in the log abundance of species within the mussel bed plot at Dillon Beach in 1941 versus 
2019. Species are colored by their geographic range with southern, northern, and cosmopolitan species 
depicted in red squares, blue triangles, and dark grey circles, respectively (see Methods for classification of 
ranges). Points are slightly jittered to be able to see overlapping species. Species above the one-to-one line 
increased in abundance and species below the line decreased in abundance. Southern and northern species are 
labeled: Phragmatopoma californica (Pc), Lottia scabra (Ls), Modiolus carpenteri (Mc), Mopalia lionata (Ml), 
Petrolisthes cinctipes (Pec), Semibalanus cariosus (Sc), Nucella ostrina (No), Cucumaria pseudocurata (Cp), 
Nucella canaliculata (Nc), Pentidotea wosnesenskii (Pw).
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documented, with an increase of 1.24 °C per century in surface waters and 1.67 °C per century in bottom waters 
at the end of Scripps Pier in San Diego, California55. Other anthropogenic impacts known to impact mussel 
beds, including pollution, harvesting, and human trampling56–59, might also contribute to regional differences 
in the health of mussel beds as these factors are likely less severe north of San Francisco, where the coastline is 
generally less urbanized than many areas of southern California.

The second major conclusion from this research is that shifts in the relative abundance of northern versus 
southern species between 1941 and 2019 are consistent with predicted community responses to warming 
temperatures. Comparable with warming at the Scripps Pier in San Diego55, mean monthly water temperature 
anomalies recorded at Bodega Head (calculated as monthly mean temperatures minus the monthly climatological 
temperature) increased by 0.117 ± 0.036  °C per decade between 1956 and 2023 (Fig.  6a). Warming may be 
weaker offshore and closer to upwelling centers like Point Arena, but warming at Dillon Beach may be stronger 
given the influence of warm tidal outflow from Tomales Bay and the likelihood that bay waters have warmed 
faster than coastal waters cooled by upwelling [60, Speiser and Largier, unpublished data]. If species are tracking 
this observed oceanographic warming (i.e., Fig. 6a), their geographic ranges are predicted to shift poleward, 
leading to an increased abundance of southern (warm-adapted) species and a decreased abundance of northern 
(cool-adapted) species36,44. Our findings indicate that all 6 of the northern species have declined in abundance 
since 1941, whereas 3 of the 4 southern species increased in abundance (Fig. 5). This result is consistent with 
prior work showing that many marine species are shifting their ranges poleward with climate change [e.g., 
36,45,61,62]. In addition to the survey of the mussel bed habitat, Fisher and Hildebrand46 also included an overall 
species list for several other intertidal habitats at this field site. Including these habitats, we qualitatively find that 
many other southern species that were unrecorded or occurred in very low abundance in 194163 are now present 
and sometimes relatively common at Dillon Beach, such as the owl limpet Lottia gigantea, the porcelain crab 
Petrolisthes manimaculis, the barnacle Tetraclita rubescens, and the nudibranch Phidiana hiltoni [45,64,65, Sanford 
and Sones, unpublished data].

Besides ocean warming, shifts in emersion time are an alternative hypothesis that might contribute to changes 
in the relative abundance of warm versus cool-adapted species. Previous research indicates that emersion times in 
the intertidal zone can vary substantially with an 18.6-year lunar cycle, leading to shifts in the vertical distribution 
of mussels66,67. If the two surveys had been performed during different phases of the 18.6-year oscillation then 
the long-term trend in species abundances could be confounded by this periodic fluctuation66. This is because 
an increase in emersion times represents an increase in exposure to aerial conditions, which might favor a 

Fig. 6.  (a) Monthly water temperature anomalies based on Bodega Head measurements taken daily at 
~ 8:00am from 1956 to 2023. The long-term trend and 95% confidence interval are shown in red. (b) Average 
emersion time (time out of water) at Point Reyes (PR) and Arena Cove (AC), California, for the April-July 
time frame (AMJJ) and annually at a level of 1.38 m above Mean Lower Low Water (equal to -0.008 m relative 
to NAVD-88 datum) from 1930–2022, for the period between − 2 h and + 4 h of solar noon. The shading 
represents emersion time variability for ±0.1 m of the 1.38 m level. The boxes highlight the emersion time 
during the 1941 and 2019 surveys.
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shift towards warm-adapted species from upper intertidal zones or southern biogeographic regions. However, a 
combination of tidal predictions and available water level data from Point Reyes (~ 37 km south of the study site) 
and Arena Cove (~ 98 km northwest) exhibits a slight downward trend in daytime emersion time during spring 
(April–June) from 4.6 to 5.5 h per day in the 1930–1940s to about 3.6 to 4.5 h per day over the past decade, for 
the level of the lower edge of the mussel bed plot at Dillon Beach (~ 1.38 m MLLW; Fig. 6b). Estimated emersion 
times for Arena Cove decrease less than Point Reyes because of a smaller relative sea-level rise increase (1.08 
± 0.4 mm/year versus 2.08 ± 0.43 mm/year, respectively, from 1978 to 2023). A similar decrease in emersion 
times is expected at this study site, driven by a similar rate of sea-level rise. Interannual minima in emersion 
time are related to elevated water levels observed during the 1940–41, 1958, 1982–1983, and 2015–2016 El 
Niño events. Because of similar tidal forcing and anomalously high sea-levels in 1941, the estimated emersion 
time was only slightly lower in 2019 (5.1 h) than in 1941 (5.2–5.5 h, using Arena Cove and Point Reyes based 
estimates, respectively). The observed trend in emersion time is in the opposite direction than one would predict 
to favor an increase in southern/warm-adapted species. We acknowledge that we lack data on changes in air 
temperature, wave forcing and wind conditions, which could have increased levels of physical stress during low 
tides despite the long-term trend in decreased emersion time. Nevertheless, available data are consistent with 
the hypothesis that the observed changes in species composition are most strongly associated with an increase 
in water temperature (Fig. 6a).

Challenges of historical studies in ecology
This study provides an opportunity to explore how useful information can be gleaned from historical data that 
are often characterized by several limitations. Most importantly, there was no spatial replication in the baseline 
sampling conducted in 1941; only a single large plot was sampled. If spatial variation among nearby mussel bed 
plots within a site exceeded differences observed over time at a single plot, small-scale spatial variation would 
likely overwhelm any temporal signal. However, our 2019 sampling suggested that spatial variation in species 
richness among replicate plots was relatively low in this community (Fig. 3b). Although there was some variation 
in the identity of species in each plot, ~ 72% of the species were common to all four spatial replicate plots. The 
species that differed among the four plots were generally uncommon species that occurred in low abundance. 
Thus, our results suggest that sampling a single large plot, although clearly not a recommended sampling design, 
provided a representative estimate of species diversity within mussel beds at this site.

A second major limitation was that there were only two surveys conducted 78 years apart. Thus, we do 
not know if samples during intervening years might have shown different trends or fluctuations due to natural 
variability. Of particular concern when sampling only two time points is that differences between community 
samples might be disproportionately influenced by short-term extreme events that occurred near the time of 
the surveys44. For example, in the northeast Pacific, periodic El Niño events typically last for 9–12 months and 
are characterized by warm ocean conditions, higher sea-level, and anomalous currents that can lead to an influx 
of primarily southern species into northern California45. In this study, both the initial and recent surveys were 
conducted within three years of a strong El Niño. The initial survey in May–June 1941 was in the midst of the 
strong and extended 1940–1942 El Niño event68, whereas the 2019 sampling was approximately 2.5 years after 
the very strong 2015–2016 El Niño event45. Thus, it is unlikely that differences in proximity to El Niño events 
can explain the shifts in the relative abundance of northern and southern species documented in our 1941 versus 
2019 comparison. If the abundance of warm-adapted species was increased temporarily by El Niño conditions, 
those effects should have been more pronounced for the 1941 survey, which was conducted in the middle of the 
strong El Niño event.

Another possible confounding factor would be if the mussel bed structure differed strongly between 1941 
and 2019. The density, size, and three-dimensional complexity of foundation species can produce strong effects 
on the community of organisms found within habitats created by corals, kelp, seagrasses, mussels, and other 
foundation species69. Mussel bed structure could differ between the 1941 and 2019 sample if, for example, the 
plot had been more recently disturbed before one of the sampling periods (i.e., returning the community to 
an earlier stage of succession with less habitat complexity70). Despite some differences in the total number of 
mussels in the 1941 and 2019 surveys, the size frequency distributions were relatively similar in both years 
and were dominated by small mussels (< 20 mm long; Fig. 2a). The total number of mussels in 2019 was three 
times greater than in 1941, and this was mostly due to the greater abundance of small mussels (< 30 mm long; 
Appendix S2: Table S2) in the latter survey, an indicator of high larval recruitment. Although the 1941 mussel 
bed included a greater proportion of large mussels (60–110 mm long), some mid- and large-sized mussels were 
present in both years, indicating a mature mussel bed that had not been recently disturbed. In addition, our 
spatial comparison in 2019 indicates that, despite some variation in the size and structure of the mussel beds 
surveyed, the community composition was relatively similar across the four spatial replicates. This gives us 
confidence that the organisms living within the mussel matrix are not strongly influenced by modest changes 
in the structure of the mussel bed. With regards to epibionts living on mussel shells, the valves of large mussels 
often attract heavy barnacle recruitment, so the smaller number of large mussels in 2019 may have contributed 
to the apparent decline in barnacle abundance in the historical plot.

Several qualitative factors further increase our confidence in this historical comparison. First, we were able to 
relocate and resample the exact same large plot as in 1941, thus minimizing potential spatial differences in local 
factors known to influence diversity in mussel beds such as vertical tidal height, wave exposure, or substratum 
orientation71–74. Second, these unpublished data were quantitative and generally had high taxonomic resolution. 
All individuals within the plot were counted, and the sampling was supervised by Professor S.F. Light, the 
preeminent invertebrate zoologist in California at the time. Thus, we are confident that species were identified 
correctly in the baseline data.
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Conclusions
While historical data often have limitations, these unpublished and non-traditional resources can yield important 
ecological insights9,10,12. As many ecosystems are changing rapidly, using historical documents is often one of 
the only ways to evaluate the magnitude of change that has occurred over the last several decades to century. 
Our study illustrates several ways that researchers can address the limitations of historical data sets to make 
more robust inferences [see also 12,75]. Although non-traditional data sets have been underutilized in marine 
research10, historical ecology has the potential to help address how marine communities have changed relative 
to baseline communities of the past12,22.

Methods
Historical report and survey methods
The foundation for this study was an unpublished 1941 graduate student report discovered in the Cadet Hand 
Library collection at Bodega Marine Laboratory46. The students’ survey of the mussel bed community at Dillon 
Beach, California, was particularly thorough and entailed identifying and counting 45,953 individual organisms, 
as well as measuring and analyzing the size structure of the mussel bed. The project was supervised by Dr. S.F. 
Light, a well-known zoologist who authored the first edition of the primary taxonomic key that is still used to 
identify marine invertebrates in this region76.

Our mussel bed survey in 2019 consisted of both temporal and spatial comparisons. First, the exact mussel 
bed plot at Dillon Beach from 1941 was relocated (coordinates: 38°15’27.2” N, -122°58’16.7” W, World Geodetic 
System 1984) and resurveyed. We sampled this large plot (quadrat: 2.5 ft wide x 3 ft tall = 76 cm wide x 92 cm 
tall = 0.70 m2) using the same methods as in the 1941 study; all mussels and other organisms within the quadrat 
were removed with hand tools, and species were then identified and counted in the laboratory. Thus, species 
abundances (i.e., the number of individuals per 0.70 m2) are directly comparable between 1941 and 2019.

Additionally, in 2019, we sampled four replicate mussel bed plots (quadrat: 40 × 40 cm = 0.16 m2). One of 
the replicates, “F&H Subsample”, was a subsample of the larger plot used in the temporal comparison. Our 
spatial comparison tested whether local plot-to-plot variation was large enough to overwhelm detection of 
any temporal patterns of change. All sample locations were from roughly the same tidal elevation (upper mid-
intertidal mussel beds) within the same boulder field (replicate plots were separated by ~ 40 m). The mussel beds 
were surveyed in May to August of 2019, a similar time of year to the 1941 study conducted in May to June, 
minimizing any effects of seasonal changes in species presence and abundance. Although we selected replicate 
mussel beds of similar tidal height and wave exposure, some aspects of the mussel beds surveyed in 2019 varied 
among replicate plots including mussel density, size structure, and bed depth. In addition to measuring mussel 
sizes (see below), the depth of each mussel bed was measured in multiple locations (n = 10–16) within the plot 
before any organisms were removed.

After samples were brought back to Bodega Marine Laboratory, organisms were sorted, counted, and 
identified to the species level, or the lowest taxonomic level possible, using regional taxonomic keys76. For 
species with uncertain identification, photographs were taken using a dissecting microscope (Leica MC170 
HD camera attached to a Leica M125 microscope) and preserved for consultation with taxonomic experts (see 
Acknowledgements). Polychaete worms were preserved in either 95% ethanol or 4% formalin then transferred 
to 70% ethanol and deposited at the Natural History Museum of Los Angeles County. When the small brooding 
clam Lasaea subviridis was common, we subsampled the sediment to estimate totals. To quantify the number 
of pea crabs (Fabia subquadrata) present within 100 mussels, medium to large mussels (M. californianus) were 
dissected from each plot (n = 62–234 per plot, sample size varied due to variation in the number of medium 
and large mussels across plots). To compare changes in mussel size distribution across space and time, all live 
mussels from the plots were measured along their anterior-posterior axis using calipers. Mussels less than 
10 mm in length were not individually measured, but were instead grouped into 0–5 mm, and 5–10 mm bins. 
Barnacle estimates were determined based on both those attached to the underlying rocks and mussels, using a 
subsampling approach. Additional sampling details are in Appendix S2: Sect. 1.

Analyses
All statistical analyses were performed in R (version 3.5.1)77. A Wilcoxon test was performed to assess if the 
mean of the size frequency distribution of mussels differed between time periods. The 1941 survey only included 
data in size bins and in 2019 mussels less than 10 mm in length were not individually measured; thus, mussels 
in these size classes were randomly assigned a length using a uniform distribution within their respective size 
bin. A Kruskal-Wallis test was used to assess differences in the mean mussel size across the spatial replicates. 
Chi-square tests were used to compare the mussel bed size bin data between time periods and among spatial 
replicates. Lastly, a linear model was used to compare the depth of the mussel bed among the four spatial 
replicates. Assumptions were analyzed visually, and normality was evaluated with a Shapiro-Wilk test.

As a resource for potential surveys of mussel beds at this site in the future, we include our complete species 
list with as much taxonomic detail as available (Appendix S1). Our analyses only included species that were 
attached and living within the mussel bed. This excluded bryozoans and hydroids that were collected, but were 
likely dislodged animals that had washed into the bed from lower tidal zones.

We updated the species names for the 1941 historical species list so that data would be comparable to modern 
taxonomic keys. In a few cases, a species was described after 1941, thus we grouped species as needed to facilitate 
comparison (Appendix S2: Table S1). For example, Lottia paradigitalis was not described until 196078, so we 
grouped L. paradigitalis with L. digitalis for our analyses. We compared the lowest taxonomic group possible 
between the two time periods. This required further grouping some species in the 2019 data to be comparable to 
the survey in 1941 (Appendix S2: Table S1). We omitted many small and inconspicuous species from our species 
list (e.g., oligochaetes, microgastropod species that are less than 2–3 mm long, etc.), as the 1941 study did not 
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include these very small species (Appendix S2: Table S1). We also dropped a few species that were noticeably 
absent from the historical survey. For example, Fisher and Hildebrand46 apparently excluded flatworms and 
sponges in their mussel bed survey, although these taxa were mentioned elsewhere in their surveys of other 
habitats at this site, and were known to be present on rocky shores during this time63.

Species richness, diversity (Shannon-Wiener Index) and evenness (Pielou’s Index) were compared between 
the two time periods and among the four spatial replicates. To determine if the species composition of mussel 
beds has shifted based on biogeographic affinities, species were classified by their geographic range boundaries. 
“Northern” species were species considered to be cool-adapted that have a southern range boundary near or 
north of Point Conception, California44. “Southern” species were species considered to be warm-adapted that 
have a northern range boundary near or south of Coos Bay, Oregon. “Cosmopolitan” species were species 
with boundaries extending beyond these geographic boundaries in both directions44. We compared log 
(abundance + 1) between the two time periods to analyze these shifts in community composition.

Oceanographic analyses – water temperature and sea level
Coastal water temperature from 1956 to 2023 was collected at Bodega Head, ~ 11 km north of Dillon Beach. 
Measurements were initially collected daily around 8:00am, and since 1989 measurements were recorded with a 
high-precision electronic thermistor on the seawater intake for Bodega Marine Laboratory, which draws water 
from Horseshoe Cove on Bodega Head. Automated measurements were quality controlled following79 and the 
measurement closest to 8:00am each day was extracted to create a consistent time series for the entire time 
period. A monthly climatology was calculated from these data (Appendix S2: Fig. S3) and a monthly anomaly 
time series was obtained from monthly mean temperatures minus monthly climatological temperature (Fig. 6a). 
The long-term trend in temperature is obtained by fitting a linear trend to the monthly anomaly values.

Water levels and emersion times were evaluated from 1930 to 2022 using tidal data series at Point Reyes and 
Arena Cove, located ~ 37 km south and ~ 98 km northwest of Dillon Beach, respectively [National Oceanographic 
and Atmospheric Administration (NOAA) stations 9415020 and 9416841]. Available hourly records were 
linearly interpolated to 6-minute frequency, and the average daily emersion time for different vertical elevations 
was calculated over the time period of peak solar forcing, which we defined as between − 2 h and + 4 h of solar 
noon (solar noon is the time that the sun reaches its daily zenith and varies by longitude and time of year). 
For 1930–1974 (Point Reyes) and 1930–1977 (Arena Cove), emersion times were estimated using a synthetic 
data set which combined local tidal predictions with the non-tidal residual (NTR; defined as measured minus 
predicted tides) from the nearest available measurement at the San Francisco tide gauge (NOAA gauge 9414290). 
Relative sea-level rise rates were extrapolated linearly to 1930 using a robust least-squares fit to annual sea-level 
over the period of record (1975–2023 for Point Reyes and 1978–2023 for Arena Cove). Tidal predictions were 
obtained using the Utide harmonic analysis package80. The use of the San Francisco NTR enabled us to estimate 
the influence of interannual sea-level variability and seasonal upwelling [see e.g., 81] on historical emersion 
time; nonetheless, occasional small non-oceanic influences on water levels are introduced through river-flow 
effects82,83.

Data availability
The ecological dataset for this study is provided in Appendix S1. Additional datasets are available upon request 
from the corresponding author.
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