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Abstract
1.	 Although long-term ecological stability is often discussed as a community attrib-

ute, it is typically investigated at the species level (e.g. density, biomass), or as a 
univariate metric (e.g. species diversity). To provide a more comprehensive assess-
ment of long-term community stability, we used a multivariate similarity approach 
that included all species and their relative abundances.

2.	 We used data from 74 sites sampled annually from 2006 to 2017 to examine broad 
temporal and spatial patterns of change within rocky intertidal communities along 
the west coast of North America. We explored relationships between community 
change (inverse of stability) and the following potential drivers of change/stability: 
(a) marine heatwave events; (b) three attributes of biodiversity: richness, diversity 
and evenness and (c) presence of the mussel, Mytilus californianus, a dominant 
space holder and foundation species in this system.

3.	 At a broad scale, we found an inverse relationship between community stability and 
elevated water temperatures. In addition, we found substantial differences in stabil-
ity among regions, with lower stability in the south, which may provide a glimpse into 
the patterns expected with a changing climate. At the site level, community stability 
was linked to high species richness and, perhaps counterintuitively, to low evenness, 
which could be a consequence of the dominance of mussels in this system.

4.	 Synthesis. Assessments of long-term stability at the whole-community level are 
rarely done but are key to a comprehensive understanding of the impacts of cli-
mate change. In communities structured around a spatially dominant species, 
long-term stability can be linked to the stability of this ‘foundation species’, as well 
as to traditional predictors, such as species richness.
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1  | INTRODUC TION

Coastal marine ecosystems are experiencing major alterations in 
oceanic conditions associated with climate change, including warm-
ing, acidification, sea-level rise, increased stratification and sub-
sequent decline in dissolved oxygen, increased wave power, and 
changes in local and regional ocean circulation patterns (Alheit & 
Bakun, 2010; Bindoff et al., 2019; Brierley & Kingsford, 2009; Doney 
et  al.,  2012; Keeling et  al.,  2010; Narayan et  al.,  2010; Reguero 
et al., 2019). Furthermore, extreme events resulting in rapid changes 
in environmental conditions, such as El Niño Southern Oscillation 
(ENSO) events and marine heatwaves, are becoming more frequent 
and intense (Freund et al., 2019; Frölicher & Laufkötter, 2018; Oliver 
et al., 2018). These large-scale agents of disturbance can result in 
short- and long-term modifications of community structure and 
can be particularly disruptive when multiple ecological factors are 
affected. For example, elevated ocean temperature can result in 
local extirpations, species range shifts, altered ecosystem function-
ing and changes in biotic interactions (Harley et al., 2006; Sanford 
et  al.,  2019). These impacts can be compounded by other factors 
associated with marine heatwaves, such as harmful algal blooms or 
disruption of upwelling intensity and duration (Bograd et al., 2009; 
Harley et al., 2006).

Assessing and mitigating change in ecological communities 
resulting from a rapidly changing climate necessitates a broadly 
applicable and mechanistically sound understanding of the fac-
tors influencing ecological stability. Recent studies investigating 
the mechanistic drivers of ecological stability have greatly ad-
vanced the field and clarified the terminology used to describe 
the components of stability (Donohue et al., 2013, 2016; Grimm 
& Wissel, 1997; Hodgson et al., 2015; Ingirsch & Bahn, 2018; Ives 
& Carpenter, 2007). However, due to the logistical constraints of 
carrying out large-scale, long-term experimental efforts, these 
studies tend to be limited in spatial and/or temporal scale (e.g. 
Donohue et al., 2013; Grman et al., 2010; Hillebrand et al., 2018), 
simplistic in terms of community complexity (Hillebrand 
et al., 2018; Wittebolle et al., 2009), or are primarily theoretical 
in nature (Arnoldi et al., 2016). Because investigation of a single 
component in isolation can result in an underestimation of the po-
tential for perturbation to alter ecological stability, and because 
there is evidence of strong correlation among many components 
of ecological stability, a more integrated approach is required 
(Donohue et al., 2013; Hillebrand et al., 2018; Kéfi et al., 2019). 
To achieve a more complete understanding of the key drivers of 
ecological stability, particularly those operating at large scales, 
patterns of association between identified mechanisms and com-
munity change must be examined broadly, through temporally 

and geographically expansive surveys (Hawkins et  al.,  2009; 
Underwood et  al.,  2000; Witman et  al.,  2015). Geographically 
broad, long-term ecological community monitoring surveys can 
provide important ‘natural experiment’ data that can be used to 
link variation in environmental conditions or natural or anthro-
pogenic disturbance to community change (e.g. Croll et al., 2005; 
Rogers et al., 2012).

Understanding how disturbance impacts long-term stability of 
a system at the community composition level, utilizing data that 
include both species' diversity and relative abundance/evenness, 
has long been a goal of ecological stability research (e.g. Grman 
et al., 2010; Hillebrand et al., 2008). However, achieving this goal can 
be challenging for both logistical and analytical reasons. Assessing 
community composition (as opposed to tracking changes in a sin-
gle species) requires researchers to have a high level of taxonomic 
expertise, consistency in species identification across space and 
time, and resources to support long-term studies. The Multi-Agency 
Rocky Intertidal Network (MARINe) was formed in 1997 to support 
the collection of taxonomically complex, long-term, quantitative 
community monitoring data from temperate rocky intertidal shores 
spanning the west coast of North America. Previous work using this 
broad-scale dataset has examined possible links between marine 
heatwave events and disease events affecting population trends 
for single species (sea stars, Miner et al., 2018; abalone, Raimondi 
et al., 2002). These efforts revealed mixed results in terms of linking 
water temperature to impact of disease on populations (tempera-
ture and disease impact were highly correlated for black abalone, 
but not for ochre sea stars). However, considerable spatial structure 
was observed in the patterns of impact, with more extreme declines 
in species' abundance in southern than in northern regions. Because 
temperate rocky intertidal communities are both highly diverse 
and at high risk of disruption from climate change, particularly at 
lower latitudes (Doney et al., 2012; Hawkins et al., 2008; Hobday & 
Pecl, 2014; Howard et al., 2013), we were interested in broadening 
our investigation to explore whether change at the whole-community 
level was correlated with marine heat events. The broad geograph-
ical and temporal scope of the MARINe study—spanning two ENSO 
events (2009–2010 and 2015–2016) and an unprecedented marine 
heatwave event that stretched from Alaska, USA to Baja California, 
Mexico from 2014 to 2016 (Cavole et al., 2016)—provided an excel-
lent opportunity to examine spatial patterns of change and stability. 
In this study, we specifically examined long-term patterns of ecologi-
cal stability (defined as the absence of change over time in a compos-
ite metric incorporating species diversity and relative abundance) at 
the community level, hereafter referred to as ‘community stability’.

Here, we use an approach based on a multivariate assessment 
of similarity to achieve a comprehensive, long-term assessment of 
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community stability. We used the results from this analysis to exam-
ine local (site) and regional scale patterns of community stability and 
identify potential drivers of community change. Specifically, we asked 
the following questions: (a) Is there an association between commu-
nity stability and water temperature, and if so, do these associations 
exhibit regional patterns? and (b) Is there a positive relationship be-
tween stability and three general attributes of biodiversity commonly 
identified as important for community stability: species richness, di-
versity and evenness? The results of these initial analyses prompted 
an investigation of a less well-studied component of community sta-
bility: species dominance. Numerous studies have demonstrated a 
link between evenness of species abundances and community stabil-
ity, concluding that higher evenness allows for functional redundancy 
and thus a more stable community. However, a handful of investiga-
tions have shown either no association between community stability 
and evenness (Isbell et al., 2009) or a link between increased stability 
and low evenness values, driven by the presence of one or a hand-
ful of dominant species (e.g. Grman et al., 2010; Valdivia et al., 2013). 
Our results suggested a similar pattern, and thus motivated a final 
question: Is there a relationship between community stability and 
persistence in cover of the mussel, Mytilus californianus, a spatially 
dominant foundation species within the community (Dayton, 1972; 
Seed & Suchanek, 1992; Suchanek, 1992)?

2  | MATERIAL S AND METHODS

2.1 | Site locations

Along the Pacific coast of North America, the Multi-Agency Rocky 
Intertidal Network (MARINe; see www.pacif​icroc​kyint​ertid​al.org) 
monitoring programme coordinates the collection of long-term, bio-
logical community-level data through a consortium of federal, state, 
university and private organizations. MARINe sites stretch from the 
Olympic Peninsula, Washington to San Diego, California (including 
sites on the Channel Islands in southern California), spanning 16 
degrees of latitude. Only sites with at least 10 years of data were 
included in the analyses presented here (74 sites, Figure 1, Table S1). 
There is a general sea surface temperature gradient across this study 
region, with cooler temperatures in the north and warmer tempera-
tures in the south. However, this general pattern masks considerable 
spatial/temporal variability in oceanographic conditions, driven pri-
marily by spatially constrained areas of upwelling that occur season-
ally (Bograd et al., 2009). Most of the sites included in the analyses 
are wave-exposed, outer-coast locations with gently sloping rocky 
intertidal benches at least 30 m wide (contiguous along-shore reef), 
containing macrophyte and macroinvertebrate communities rep-
resentative of the region. Collectively, these sites span a range of 
regulatory protection categories (e.g. limited-take Marine-Protected 
Areas, no-take MPAs and non-MPA sites) and proximity to known 
biogeographical boundaries. Sites are not evenly spaced along the 
coast due to geographical gaps resulting from long stretches of 
beach, mud flat, cobble/boulder fields and/or sheer cliffs. The level 

of public access varies among sites and encompasses a wide spec-
trum of human impact, from sites that receive well over 75,000 
visitors each year (Ambrose & Smith, 2005; Ware, 2009) to those 
adjacent to private land with almost no human visitation. Detailed 
descriptions of each site can be found on the MARINe website.

To assess potential differences in patterns of community sta-
bility at a coast-wide scale (see Section 2.4), we grouped sites into 
three regions aligned with biogeographical provinces as described by 
Blanchette et al. (2008): (1) ‘North’ (Washington, Oregon, northern 
California: 19 sites), (2) ‘Central’ (San Francisco to Point Conception, 
CA: 20 sites) and (3) ‘South’ (Point Conception to San Diego, CA: 16 
sites). We added a fourth region, (4) the northern ‘Channel Islands’ 
(19 sites), as these sites experience an oceanographic climate dis-
tinct from the neighbouring southern California mainland (Harms & 
Winant, 1998; Kapsenberg & Hofmann, 2016; Figure 1; Table S1).

2.2 | Sampling approach

At each site, long-term fixed plots (50  cm  ×  75  cm) were located 
within common, conspicuous and ecologically important focal spe-
cies assemblages, which generally formed distinct bands within 
the intertidal zone. Focal assemblages included mussels (Mytilus 
californianus), barnacles (Chthamalus dalli/fissus, Balanus glandula, 
Semibalanus cariosus, Tetraclita rubescens), gooseneck barnacles 
(Pollicipes polymerus), anemones (Anthopleura spp.), rockweeds 
(Pelvetiopsis californica, Pelvetiopsis limitata, Silvetia compressa, Fucus 
distichus) and red algae (Endocladia muricata, Mastocarpus spp.). Not 
all focal assemblages were present at every site, a typical site con-
tained 3–5 assemblages. Five replicate plots were established in 
each focal species assemblage, resulting in 15–25 plots at a typical 
site. Each plot was initially placed in an area with maximal abundance 
of a given focal species, but over time, species composition within 
plots might change substantially.

During each survey (conducted either annually or semi-annually), 
plots were photographed to create a permanent visual archive of 
species present. Percent cover of all sessile species was quantified 
using a rectangular grid of 100 uniformly spaced points placed on 
top of each plot. For a small subset of data (two central CA sites be-
tween 2006 and 2011), 50 points were used to record species' per-
cent cover. When possible, this data collection was completed in the 
field. When this was not possible (e.g. due to poor working conditions 
or limited staff), percent cover was estimated in the laboratory by 
overlaying a grid of 100 points onto the archival plot photos. In either 
case, the taxon or substratum occurring directly under each point 
was recorded and percent cover was calculated by dividing the total 
number of hits out of the total number of possible points. A compar-
ison of data collected in the field versus the laboratory from photo-
graphs found no significant effect of method (Ambrose et al., 1995). 
To ensure consistency between laboratory and field data, we lumped 
organisms that were difficult to identify to the species level from pho-
tos into higher taxonomic classifications and treated them as a single 
taxon in our analyses (see Table S2 for list of taxa scored).

http://www.pacificrockyintertidal.org
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F I G U R E  1   MARINe long-term monitoring sites utilized in this study (see Appendix S1: Table S1 for site names), with inset for southern 
California. Sites were grouped into one of four regions, indicated by a symbol, and categorized as having ‘higher’ or ‘lower’ long-term 
community stability (see Section 2.4.4) as indicated by colour [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Fixed plots provide high statistical power to detect changes in 
species dynamics over time with reasonable sampling effort and 
allow for robust segregation of variance in community structure 
into temporal and spatial components (Raimondi et al., 2018). One 
limitation of a non-random approach is that patterns and trends 
observed within plots cannot readily be extrapolated to the site 
as a whole. However, by targeting the key intertidal assemblages 
listed above, our permanent plots tend to be distributed widely 
throughout each site. Furthermore, focal species typically occur 
in plots outside of those established to capture them, as can be 
seen by the proportion of plots at each site containing mussels 
(Figure  S1). Thus, using the combination of all plot types to cal-
culate mean percent cover values for each taxon at a given site 
should represent the general community, and importantly, allows 
the calculation of a representative community similarity metric 
(see Section 2.4), which is used here to assess temporal stability 
in the community.

2.3 | Water temperature

Intertidal temperature data were continuously recorded for the 
entire study period, typically at 15- or 30-min intervals, at 69 loca-
tions in the North and Central regions from 2006 to 2017, and at 8 
locations in the Channel Islands from 2009 to 2017. Temperature 
data locations generally overlapped with biological data sites (18 
of 19 North sites, 15 of 20 Central sites and 8 of 19 Channel Islands 
sites), and data from ‘temperature only’ locations (19 North, 17 
Central) were also included to maximize spatial coverage within 
each region. Three different data logger models (all from Onset® 
Computer Corporation) have been used over time and across 
sites, due to changes in logger technology: HOBO® pendant 
UA-002-64, HOBO® UTBI-001 TidbiT® and HOBO® UTBI-001 
TidbiT® v2. Loggers at most sites were housed in stainless steel 
wire mesh cages bolted to the substratum. At Washington and 
Channel Islands sites, loggers were either encased in epoxy for 
protection and then bolted and epoxied to the bedrock or housed 
in flow-through PVC containers that were bolted to the substrate. 
Temperature loggers were installed in the mid-low intertidal zone, 
in areas that would afford some protection from waves and theft. 
No attempt was made to standardize factors that could affect 
temperature during emersion, such as shading, angle of incidence 
to sun, etc. Therefore, we used temperature data only from pe-
riods when loggers were fully submerged and recording seawa-
ter temperature. For the South region, we used temperature data 
from four piers available through the Southern California Coastal 
Ocean Observing System (SCOOS, http://www.sccoos.org, Miner 
et al., 2018).

We also obtained longer-term water temperature records 
(1990–2017) from three locations along the west coast to pro-
vide broader temporal context for our findings. These loca-
tions were Scripps Pier, near San Diego in southern California, 
Hopkins Marine Station, near Monterey in central California, and 

Amphitrite Station, on the outer coast of Vancouver Island in 
British Columbia. These locations span the range of sites assessed 
in this project.

2.4 | Analyses

2.4.1 | Quantifying community change and stability

We explored long-term stability of intertidal communities using an-
nual percent cover data from our fixed plots to examine how com-
munity composition within sites changed over time. Our goal was to 
assess the longest period of sampling across the maximum number 
of sites. Although sampling began as early as 1980 in some regions, 
and as late as 2008 at six sites, we used 2006 as our start year to 
maximize temporal replication across the broadest geographical 
area; a later start year would have truncated our time series and, as 
described below, would have placed our initial, ‘benchmark’ year in a 
cooler than average period. Data from all assemblage types sampled 
at a given site were used; because only within-site comparisons were 
used to derive the similarity values described below, it did not matter 
that the number or types of assemblages surveyed differed among 
sites. For each site, we used percent cover of each recorded spe-
cies, averaged across all plots, to calculate community-level Bray–
Curtis similarity values (Clarke et al., 2006, PRIMER 7) for all pairs of 
years between 2006 and 2017, except for Washington sites, which 
were paired for all years between 2007 or 2008 and 2017 (for rea-
sons described above). The resulting ‘base matrix’ was subsampled 
to extract the similarity values representing the initial year sampled 
relative to each of the other years (e.g. 2006–2007, 2006–2008, …, 
2006–2017). We calculated the mean community similarity value for 
a given site as the mean of these 11 (or for Washington sites, 9 or 
10) values. We equated a higher mean similarity value with greater 
long-term community stability.

We validated our decision to use 2006 data as our ‘benchmark’ 
(rather than another metric, such as a long-term mean) using two 
metrics: (a) by comparing results using three different start years 
(2004, 2005 and 2006 for the subset of sites sampled across this 
longer period), and (b) by examining long-term water temperature 
anomalies to determine whether our ‘benchmark’ year fell within a 
‘normal’ or anomalous period. Start year did not affect the results 
and mean annual water temperatures in 2004–2006 were neither 
anomalously high nor low (Figures S2 and S3). As noted above, we 
selected 2006 as the benchmark year because it allowed us to incor-
porate the maximum number of sites over the broadest geographical 
and temporal scale.

2.4.2 | Regional patterns of community stability

To determine whether long-term community stability varied among 
regions, we used a mixed-model analysis with community similarity 
(relative to the start year) as the response variable, region and year 

http://www.sccoos.org
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as fixed effects, and sites as random effects nested within regions 
(JMP15.1).

2.4.3 | Sea water temperature and community  
stability

One of the key findings from the regional analysis was that periods of 
greatest community change appeared to be aligned with periods of 
elevated water temperature. To directly test this association across 
our entire study region, we assembled data from onsite temperature 
loggers where available, and pier data in the South region (see Section 
2.3). Differences in spatial coverage and alignment of temperature 
data with sites meant that we were not able to assess the relation-
ship between community stability and temperature at the site level. 
Instead, we assessed the relationship at the regional level, and used 
only the period between 2009 and 2017 to ensure that the temporal 
period of temperature records was identical for all regions.

Daily water temperature data capture a portion of the envi-
ronmental variability that intertidal organisms are exposed to, 
including extreme high and low temperatures that might be lost 
when data are distilled down to longer-term means. Because we 
were interested in identifying the component(s) of water tem-
perature that most closely aligned with the observed patterns of 
community change, we examined the relationship between annual 
regional community similarity and five different water tempera-
ture metrics (predictor variables): (a) mean annual temperature, (b) 
median annual temperature, (c) 90th percentile of annual tempera-
ture (warmest 10% of temperature records), (d) 10th percentile of 
annual temperature (coldest 10% of temperature records) and (e) 
the principal component score derived from the four preceding 
variables. The 10th and 90th percentile metrics were selected 
based on the idea that elevation of temperatures on either end of 
the spectrum might affect community stability in different ways 
than either the mean or median annual temperature. The principal 
component score was included because the temperature variables 
were co-linear. Each model contained the categorical factor ‘re-
gion’ and one of the temperature metrics or the composite of the 
four temperature variables (the principal component). The best fit 
model was assigned based on the corrected Akaike information 
criterion (AICc) selection.

2.4.4 | Community stability at the site level, and 
possible driving factors

The results of the comparison of community stability among re-
gions indicated that a considerable amount of variance associ-
ated with random effects (using restricted maximum likelihood 
estimation) could be attributed to differences among sites (within 
regions). Hence, we investigated patterns of association between 
community stability within individual sites and common univariate 
metrics of diversity. To do this, we calculated the mean community 

similarity values for each site over time. Sites were then divided 
into two categories—‘higher’ and ‘lower’ long-term stability—based 
on the median of the means (described above). For this analysis, we 
used only those sites that had observations for the period 2007–
2017 (n = 64 sites) so that the mean similarity value represented the 
entire sample period. Sites with mean community similarity values 
greater than the median were categorized as having ‘higher’ long-
term community stability and those with values below the median 
were categorized as having ‘lower’ stability. This approach (50% 
higher stability and 50% lower stability) removes bias that might be 
introduced by assigning stability status using criteria based on our 
perception of ‘stability’. We then created a logistic model (with sta-
bility category as the response variable) that incorporated latitude 
and five common diversity indices as predictor variables. These 
were raw number of species (S); Pielou's evenness (J′), which is a 
measure of the evenness of species abundances in a community; 
Margalef's richness (d), which calibrates raw species richness by 
the total number of individuals sampled; Simpson's 1  −  λ′, which 
is an estimate of the pairwise encounter probability for different 
species (interspecific encounter); and the Shannon–Weiner diver-
sity index (H′), which is based on both the number and evenness of 
species in a community. Latitude was included to account for the 
geographical pattern of community stability that emerged from the 
regional analysis (see Sections 2.4.2. and 3.1). Model selection was 
performed using stepwise regression with AICc ranking.

2.4.5 | Community stability and mussel cover

Results from the logistic model revealed that H′, an index that incor-
porates both species diversity and evenness, was included in the best 
fit model, and that it was inversely related to community stability. This 
result was counter to the prediction that community stability values 
would be positively associated with H’ values. However, this finding 
was consistent with a handful of studies linking community stabil-
ity to dominance by one or a few stable, long-lived species. On the 
west coast of North America, only one species occurs at high abun-
dance across the broad region of coastline examined in this study: the 
mussel, Mytilus californianus. To investigate whether M. californianus 
abundance could be driving the pattern of association between H’ and 
community stability, we re-ran the model substituting mussel cover 
from a representative year (2008) for H’. Because we were interested 
in examining how mussel cover might affect subsequent long-term 
community stability, we used data from 2008, an early year in the 
time series, to allow for comparison to subsequent years.

3  | RESULTS

3.1 | Regional patterns of community stability

The structure of rocky intertidal communities in all four regions has 
drifted over time such that samples became increasingly less similar 
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to the ‘benchmark’ (2006–2007–2008) state (Figures  2 and 3a). 
A gradual drifting of community structure over many years is not 
surprising, given that natural communities are not static. However, 
the pattern of change over time differed among regions (Figure 2; 
Table 1; year × region). In general, the data show a pattern of higher 
long-term community stability (more similar to benchmark state) at 
high latitudes than at low latitudes, with northern (North and Central 
region) sites experiencing less community change than southern 
(South and Channel Islands) sites (Figures 2 and 3a).

Two periods of community change stand out for low-latitude 
regions. The moderate 2009–2010 ENSO event coincided with 
a substantial level of community change in the Channel Islands 
sites while changes in the three other regions were less drastic 
(Figure 2). Community change in the Channel Islands region began 
in 2008, preceding the 2009–2010 warm water event, so it is 
possible that factors other than water temperature were driving 
change during this period. Unfortunately, we do not have onshore 
water temperature data for this region in 2007–2008 (Figure 4). 
During the longer 2014–2016 warm water event, in which an 
ENSO event was coupled with a massive and persistent warm 
water ‘blob’ (Cavole et al., 2016; Sanford et al., 2019), substantial 
declines in temporal within-site similarity were observed in south-
ern California communities on both the mainland and Channel 
Islands. This decline in community similarity in the southern re-
gions was associated with a decline in cover of the mussel, Mytilus 
californianus, and a shift towards greater abundance of bare rock 
and warm-water-tolerant species such as the pink volcano barna-
cle, Tetraclita rubescens, the red alga Chondracanthus canaliculatus 
and coralline algae (Figure 3a,b).

3.2 | Sea water temperature and community  
stability

We examined the potential for specific aspects of water tempera-
ture to affect community similarity relative to the benchmark year 
and assessed whether those effects varied regionally using five 
separate models, each including region, one temperature metric (see 
Section 2.4.3) and the interaction (region × temperature metric). The 
temperature metric and region, but not the interaction, were signifi-
cant in each of the five models. The most strongly supported model 
(based on AICc score), with an r2 value of 0.72, included the 10th 
percentile of annual temperatures, indicating that elevated tempera-
ture in the cooler part of the year was strongly associated with in-
creased drift in community similarity values in all regions (Table 2; 
Figure 5). The next most supported model, the principal component 
for the four temperature variables, had an AICc score 18 points 
higher and an r2 value of 0.53. Importantly, declines in community 
similarity values were associated with elevated water temperatures 
across all regions, including those in the north where changes were 
less extreme (Figure 5).

3.3 | Community stability at the site level and 
possible driving factors

Within each region, we found sites categorized as having ‘higher’ 
long-term community stability (defined as having a mean commu-
nity similarity value greater than the median across all sites over 
the period of study) and sites categorized as having ‘lower’ stability 

F I G U R E  2   Patterns of community 
stability over time, as represented by 
annual mean similarity values relative to 
the start year (±1 SE) across sites within 
each of four regions, represented by 
colour [Colour figure can be viewed at 
wileyonlinelibrary.com]
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(Figure 1). To better understand the drivers behind the observed pat-
terns of community stability, we examined the results from the logis-
tic model designed to predict stability category, which incorporated 
latitude and five indices of species richness/diversity (see Section 
2). Using AICc model selection, the most supported model, which 
contained three significant (p < 0.05) variables: latitude, Margalef's 
richness (d) and the Shannon–Weiner diversity index (H′) (Table 3), 
predicted stability category with 83% accuracy (correctly predicted 
state of 53 of 64 sites).

Margalef's (d) is a measure of species richness that includes a 
calibration by the number of samples, essentially adjusting richness 
by effort. In our analysis, sites with high d values were more likely 

to be classified as having ‘higher’ long-term community stability 
(Figure 6a). However, the reverse was true for H′, an index that con-
siders both species diversity and evenness, a measure of the relative 
abundance of species at a site (Figure 6a). Sites with low H′ values 
were likely to be classified as having ‘higher’ stability, exhibiting 
smaller changes in community similarity values over time than sites 
with high H′ values. This was counterintuitive, as species evenness is 
frequently positively associated with ecological stability (Wittebolle 
et al., 2009).

3.4 | Community stability and mussel cover

The contrasting relationships between long-term community stabil-
ity and the two measures of diversity (d and H′) may be a conse-
quence of the presence of the mussel, M. californianus, a foundation 
species and competitive dominant on these rocky intertidal shores. 
Across all sites, mussel cover in permanent plots was negatively 
related to both H′ (F1,62  =  20.71, p  <  0.001) and evenness (as 
J′: F1,62  =  10.39, p  =  0.002). When we replaced H′ in the logistic 
model with M. californianus cover in permanent plots from an early 
representative year (2008), mussel cover was a strong predictor of 

F I G U R E  3   Non-metric Multi-Dimensional Scaling plots depicting change in Bray–Curtis similarity and associated community composition 
over time by region. (a) Species/species groups that are the primary drivers of changes in community similarity over time. Relative 
contribution of each species to community composition is indicated by the direction and length of each ray. Species listed at the ends of 
rays correlate with an r2 value of at least 0.8 (range: 0.8–1) in the direction of the ray. See Table S2 in Supporting Information for full species 
names and definitions for species categories. (b) Change in percent cover of the mussel, Mytilus californianus, averaged across all sites within 
each region over time. Mussel cover is overlaid on the patterns of change in community similarity depicted in 3(a). Bubble size indicates 
mean cover for each year. Years are labelled using two-digit abbreviations (e.g. 04 = 2004) to reduce overlap [Colour figure can be viewed at 
wileyonlinelibrary.com]

TA B L E  1   Results from mixed-model analysis showing 
contribution of region and year to long-term stability of intertidal 
communities

Source df F-stat p value

Region 3 0.28 0.840

Year 10 38.55 <0.001

Region × Year 30 2.63 <0.001

Bold indicates p < 0.001.

F I G U R E  4   Mean (trend line), median 
(triangles) and 10th and 90th percentiles 
(bars) of annual water temperature data 
for each region. Note that 2007–2008 
data are shown where available, but only 
2009–2017 data were used in analyses to 
ensure consistency among regions [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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long-term community stability; sites with high mussel cover in 2008 
were more likely to be classified as having ‘higher’ community stabil-
ity over the next 10 years than those with low mussel cover in 2008 
(Table 4; Figures 6b and 7a). This pattern was particularly evident 
at more southern latitudes, where average within-site mussel cover 
was typically lower and more variable over time compared to north-
ern regions (Figures  3b and 8). Margalef's (d) was also associated 
with community stability (Figures 6a,b and 7b), revealing that once 

mussel cover was accounted for in the model, species richness was 
important for community stability.

4  | DISCUSSION

Long-term, geographically expansive community monitoring sur-
veys play a critical role in assessing how well predictions from ex-
periments and theory explain patterns at broad spatial and temporal 
scales. A rapidly changing climate requires that we identify meaning-
ful benchmarks against which we can assess ecological shift, and that 
we work to develop truly comprehensive multivariate assessments 
of community-level change (Petes et al., 2014). In this study, we ex-
amined long-term community stability of rocky intertidal systems 
utilizing an analytical approach that is applicable to a wide variety of 
ecosystems. Our findings from this broad-scale, long-term investiga-
tion indicate that for ecosystems structured around foundation spe-
cies, high species diversity and low evenness (driven in part by a high 
abundance of foundation species) can be complimentary predictors 

Model
p value 
region

p value 
temp r2 F-stat BIC AIC

Delta 
AIC

Quantile 10 <0.0001 <0.0001 0.72 23.44 173.80 167.2 0.0

PC1 0.0002 0.0003 0.53 10.82 192.46 185.9 18.7

Mean 0.0003 0.0005 0.51 10.29 193.52 186.9 19.7

Median 0.0005 0.0011 0.49 9.50 195.10 188.5 21.3

Quantile 90 0.0063 0.0200 0.40 6.77 20.13 194.7 27.5

TA B L E  2   Results for models examining 
effect of year and temperature metric on 
regional patterns of community stability. 
Five models were tested (see Section 
2.4.3); the most supported (based on AICc 
score) included the 10th percentile annual 
water temperature metric

F I G U R E  5   Results from the most-
supported model examining the 
relationship between water temperature 
(10th percentile) and mean regional 
community stability (= the community 
similarity values for each site relative to 
the start year, averaged across all sites in 
the region) from 2009 to 2017. Shaded 
area represents the 95% confidence 
interval around the line [Colour figure can 
be viewed at wileyonlinelibrary.com]

TA B L E  3   Results of most-supported logistic model for the 
association of metrics of diversity/species richness and latitude on 
long-term community stability category

Source Estimate Chi square
p 
value

Intercept −15.06 5.42 0.020

Latitude 0.48 8.04 0.005

Mean (d) 1.99 6.04 0.014

Mean (H′) −5.09 5.05 0.025

www.wileyonlinelibrary.com
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F I G U R E  6   Modelled probability of a site being categorized as having ‘higher’ or ‘lower’ long-term community stability based on: (a) 
latitude, d and H′ or (b) latitude, d and mussel cover in 2008 [Colour figure can be viewed at wileyonlinelibrary.com]
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of long-term community stability and can aid in forecasting how 
communities will respond to disturbance, such as that resulting from 
climate change.

4.1 | Role of temperature

Ocean temperature can be an important and geographically broad driv-
ing agent of disturbance. Our data support a strong association between 
community change and periods of anomalously warm water conditions 
in all four regions, collectively spanning over 16 degrees of latitude, with 
particularly striking levels of change in the southern, warmer regions 
(Figures 2, 3 and 5). This large-scale pattern may foreshadow substan-
tial changes in marine communities, as more extreme and longer-lasting 
warm water events are occurring at an increasingly frequent rate with 
a changing climate (Oliver et al., 2018). The models we used to explore 
associations between temperature metrics and community change 

TA B L E  4   Results of logistic model (see Table 3) with Mussel 
Cover substituted for Mean (H′)

Source Estimate Chi square p-value

Intercept −18.3712 9.05 0.003

Latitude 0.335392 5.10 0.024

Mussel cover 0.094151 5.20 0.023

Mean (d) 1.248317 4.46 0.035

F I G U R E  7   Mean values by region 
and community stability category for 
two factors associated with community 
stability: (a) mussel cover and (b) species 
richness (Margalef's d) [Colour figure can 
be viewed at wileyonlinelibrary.com]
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indicated that across all regions, warmer water temperatures were asso-
ciated with a decline in community similarity compared to the benchmark 
year (Table 2). This correlation is linear, with small temperature changes 
corresponding to small shifts in community similarity and large tempera-
ture changes corresponding to large shifts, suggesting a pattern of incre-
mental change rather than one resulting from tipping points (Figure 5). 
An unexpected finding was that abnormally high minimum annual tem-
peratures (the coldest 10% of a year's SST) appeared to hold the most 
explanatory power. This result merits further investigation. In terrestrial 
systems, climate-change-induced shifts in phenology can result in plant–
pollinator, plant–herbivore or predator–prey mismatches, or mistiming 
of annual life cycles that can have population or ecosystem-level im-
pacts (e.g. Renner & Zohner, 2018; Visser & Gienapp, 2019). Examples 
of phenological mismatches also exist within marine systems, although 
research has thus far focused primarily on disruption of trophic interac-
tions (e.g. Bograd et al., 2009; Schmeller et al., 2018). It is likely that rocky 
intertidal organisms that demonstrate seasonal patterns of growth, 
feeding and reproduction (Lewis, 1964) might pay a cost for mistimed 
metabolic or reproductive efforts resulting from spurious temperature 
cues. Warmer than average sea surface temperatures during typically 
cool water periods might also be indicative of a relaxation of upwelling 
during periods when this process, which brings cold, nutrient-rich water 
to the surface, is typically strong. A relaxation of upwelling can translate 
to lower nutrient availability and increased delivery of propagules, both 
of which can result in significant community change (Bograd et al., 2009).

4.2 | Spatial patterns of community stability

Unlike storm events, where damage tends to be patchy within and 
among sites (Fabricius et al., 2008), warm water events can be spatially 
pervasive, affecting broad stretches of coastline. Our analysis suggests 

that while the general long-term trajectory (decline) of community sim-
ilarity values in rocky intertidal communities was similar along the en-
tire west coast of North America, the magnitude of decline, and hence 
implications for community stability, varied greatly among regions. On 
the southern mainland and Channel Islands, the impact on community 
stability resulting from large-scale environmental perturbation in the 
form of elevated water temperature events was more severe than in 
the central and northern regions. Our results suggest that the com-
position of communities in the two southern regions is shifting in a 
direction that less and less resembles communities at these sites from 
just over a decade ago. During the extreme marine heatwave event of 
2014–2016, community composition shifted towards increased cover 
of bare rock as well as warm-water-tolerant species such as Tetraclita 
rubescens and Chondracanthus canaliculatus, and decreased cover of 
the foundation species, Mytilus californianus (Figure 3a,b). Hobday and 
Pecl (2014) identified the southern California, USA to Baja California, 
Mexico region as one of the several areas where ocean temperatures 
are rising at rates among the fastest on the planet. They argue that 
these ‘marine hotspots’ should be used as windows into the future for 
other regions, and we should focus on studies aimed at developing ef-
fective management and adaptation measures in these ‘hotspots’. Our 
data highlight the potential risk to intertidal communities in this region 
and we echo this call for more studies that closely examine southern 
California rocky intertidal communities for clues to the conditions or 
mechanisms that affect long-term stability.

4.3 | Interpreting diversity metrics in systems with 
spatially dominant species

A primary focus of conservation ecology has been understand-
ing the link between species diversity and ecosystem stability 

F I G U R E  8   Percent cover of the 
mussel, Mytilus californianus, over time. 
Data are mean ±1 SE of all plots in 
each year for a region. Large error bars 
reflect the high amount of variability in 
mussel cover among sites within each 
region [Colour figure can be viewed at 
wileyonlinelibrary.com]
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(Loreau & Mazancourt, 2013; Tilman et al., 2014). Large bodies of 
data show strong relationships between community stability and 
both richness and evenness (Shade, 2017; Wilsey & Polley, 2004; 
Wittebolle et  al.,  2009). High species richness may increase 
chances of functional redundancy such that decline or loss of one 
species can be buffered by the presence of other species with sim-
ilar community roles (Schmera & Erős, 2012; Wohl et  al.,  2004). 
Under fluctuating environmental conditions, species-rich com-
munities may be stabilized by asynchronous responses of species 
within the same functional group (Loreau & Mazancourt, 2013). 
Within functionally redundant groups of species, high evenness 
has been found to increase the likelihood that ecosystem function 
will remain intact through environmental fluctuations (Wittebolle 
et al., 2009).

Our data indicate that in the open coast rocky intertidal ecosys-
tem, there is a negative relationship between community stability 
and evenness. While this finding is counter to the most prevalent 
expectation that lower evenness should result in decreased stabil-
ity (Wittebolle et al., 2009), it supports the findings of a handful of 
studies that found the reverse to be true. In these examples, one 
or a few stable dominant species were associated with increased 
overall community stability (Grman et  al.,  2010). Most intertidal 
systems are heavily influenced by foundation species (Angelini 
et al., 2011; Dayton, 1972; Ellison, 2019) which are, by definition, 
abundant and ‘disproportionally important to the continued main-
tenance of community structure’ (Dayton, 1972). Persistence of a 
foundation species therefore by definition stabilizes the local com-
munity (Lamy et al., 2020), and because of their abundance, drives 
down evenness values. In systems structured around a single, spa-
tially dominant foundation species, in the absence of functional 
redundancy, changes in abundance of this species can have large 
impacts on community attributes (Lamy et  al.,  2020). This is the 
case with the mussel, M. californianus, a foundation species found 
on rocky shores across all biogeographical provinces represented in 
this study (Dayton, 1972; Smith et al., 2006). While other mussels 
co-occur with M. californianus, the only candidate for functional re-
dundancy in terms of individual size and abundance is the congener 
Mytilus trossulus. However, compared to M. californianus, M. trossu-
lus is almost always much less common and exhibits more tempo-
rally variable abundance on exposed coastal shores, in part due to 
its high susceptibility to predation (Menge et al., 1994; Sanford & 
Worth, 2010). It also has lower thermal tolerance than M. califor-
nianus in both air and water (Dowd & Somero, 2013). Thus, a re-
placement for declining M. californianus populations is unlikely and, 
where this critical species declines, substantial community-level 
change is all but certain.

In this study, we used non-destructive sampling methods 
that did not capture changes in the interstitial community within 
the mussel beds—those species directly dependent on M. califor-
nianus for habitat, food or protection from predation or physical 
stress (Suchanek, 1992). Instead, we examined the stabilizing role 
of mussels within the broader community of species attached to 
the primary substrate. Our data suggest that in systems containing 

spatially dominant foundation species, traditional interpretation of 
diversity indices that incorporate both community-level richness 
and evenness might not be appropriate for predicting long-term 
community stability. While species richness does appear to be 
linked to long-term community stability, the pattern for evenness 
is likely the opposite for systems dominated by one or a few spe-
cies, and low evenness values can indicate an abundant and stable 
presence of spatially dominant foundation species. Because sev-
eral of the planet's most important marine ecosystems (e.g. oyster 
beds, kelp forests, coral reefs, seagrasses, mangroves: reviewed 
in Angelini et  al.,  2011; Ellison,  2019) are structured around sin-
gle foundation species that are sensitive to ocean warming, acidi-
fication and other effects of climate change (Gaylord et al., 2015; 
Wernberg et  al.,  2016), prospects for long-term stability in these 
ecosystems might be low.

4.4 | Community succession and stability

One of the conclusions from this study—that as a spatially dominant 
foundation species in rocky intertidal communities, mussels exert an 
important stabilizing force on community structure over time—is an idea 
that was first demonstrated by the extensive work exploring succes-
sion and stability of climax communities 40 years ago (e.g. Connell & 
Slatyer, 1977; Paine & Levin, 1981; Sousa, 1984). Our work expands upon 
these canonical studies by assessing contrasting predictions of two fun-
damental categories of models of community stability: (a) a stable climax 
community is less rich than communities in earlier stages of succession 
(e.g. intermediate disturbance hypothesis, Sousa, 1979) and (b) commu-
nities with high diversity are more stable than communities with low di-
versity (e.g. diversity stability hypothesis; e.g. Ives & Carpenter, 2007). 
Our results show that both high species richness and mussel cover were 
associated with increased community stability in temperate rocky inter-
tidal systems (Figure 6). In the regions that experienced greater commu-
nity change (South and Channel Islands), abundance of M. californianus 
appeared to be more important than richness in predicting community 
stability, lending support to the idea that climax communities afford 
overall stability to a system (Figure 7a). By contrast, in regions where 
mussel cover remained generally high (i.e. in which climax communities 
are common; North and Central regions), species richness appeared to 
be more important for predicting community stability (Figure 7b). Thus, 
elements of both types of community stability models were supported, 
though the relative strength of support varied regionally.

4.5 | Concluding remarks

Here we examined the relationship between temporal shifts in com-
munity composition and sea water temperature over a large spatial 
scale. However, we do not assert that water temperature is the only 
potential driver of community change. Because it is relatively inex-
pensive and simple to monitor, sea water temperature is currently 
the only factor consistently measured on a broad scale for intertidal 



     |  2091Journal of Animal EcologyMINER et al.

ecosystems (although important gaps exist). High priority should be 
placed on designing and implementing inexpensive, simple methods 
for measuring other key factors known to influence species' distribu-
tions and survivorship, such as sea water pH, wave climate, humid-
ity, air temperature, organismal body temperature and prevalence of 
fog. Combining reliable, high-frequency and spatially explicit data for 
these key physical factors with long-term biological monitoring data 
from programmes such as MARINe will give us the most power to 
detect and potentially mitigate community shifts (Petes et al., 2014).

In the face of a changing climate and accompanying ecological 
uncertainty, management agencies are challenged to create forward-
looking plans, which can effectively address the local impacts of re-
gional or global phenomena (Petes et al., 2014; Rilov et al., 2019). 
The ability to identify factors that contribute broadly to community 
stability has important implications for resource management and 
conservation and our analysis adds to the toolbox of methods that 
can be used to effectively allocate management effort across time 
and space (Rilov et al., 2019).
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