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Abstract

:

Large areas of the Pacific coast of the Americas remain unstudied regarding their intertidal ecosystems. Given the increasing disturbance related to human impacts on intertidal ecosystems, it is essential to gather census data on the biological composition of poorly studied regions so that a framework for future monitoring and management can be developed. Here, we synthesize the available research on intertidal communities along the Pacific rim to support the goal to fill bioregional gaps in knowledge in three less-studied areas in Southeast Alaska and Peru. A census of taxonomic and functional group hierarchies in these communities should include the use of various measures of alpha and beta diversity to provide a metric of temporal and spatial comparisons. A narrower-scale approach focusing on foundation species that harbor algal and invertebrate communities and serve as buffers against environmental stresses should also be conducted. Conducting a comprehensive census in poorly studied or unstudied areas will contribute to a better understanding of the response to disturbances caused by oil spills, El Niño and marine heatwaves and provide a latitudinal continuum of scientific knowledge about the biodiversity and ecosystem functioning in rocky intertidal systems on a trans-regional scale.
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1. Introduction


The rocky intertidal zone is a unique and biologically challenging ecosystem that exists at an interface between terrestrial and marine ecosystems, with unique species of higher plants, algae, and animals that have developed the physiological adaptations to survive a spectrum of physical and biological thresholds such as solar radiation, air and seawater temperatures, ocean waves, desiccation, and predation during periods of low tide [1,2,3,4]. It is a highly productive system with intrinsic ecological and economic value that plays an integral role as a food source for humans as well as in marine food webs and provides habitat and recruitment for a diverse array of marine life including commercially important fish and shellfish [5,6,7]. Global patterns of intertidal zonation are characterized by those very adaptations, as well as competition for space and varying levels of environmental disturbance [1,8,9], with regional-scale differences that include variations in species niches as a result of environmental factors and the incidence and abundance of certain taxa with varying degrees of range overlap among conspecifics [10,11,12,13,14]. The theory of a latitudinal diversity gradient has been widely analyzed for terrestrial biomes, with a general agreement that a broad-scale inverse pattern of richness decreasing with latitude exists [15,16]. Unlike in terrestrial systems, examination of latitudinal diversity in marine benthic and pelagic systems has revealed a more complex, bi-modal pattern of diversity, with higher richness and biomass found primarily at temperate latitudes [8,17,18]. Fish and invertebrate populations in both deep-sea and shallow areas of the eastern and western Atlantic Ocean demonstrate an asymmetric diversity gradient, with richness driven by hydrogeographic features that facilitate gradients of productivity [15,17]. In intertidal regimes, beta diversity (species turnover) defines latitudinal gradients along the western and eastern seaboards of South America [11,19].



Intertidal systems are found on most shorelines of the world with biogeographical features that vary from region to region [20]. The sheer magnitude of the area covered by intertidal ecosystems belies that only a fraction of these systems has been investigated in detail, which underscores the significant and vast regional gaps in our understanding of the function and structure of intertidal communities on a continuum across and among continents [8,10,20,21,22]. These gaps in our knowledge contribute to our lack of understanding regarding effects on the functional structure, abundance, and richness of intertidal ecosystems following catastrophic events from climate change, pollution, and the introduction of invasive species [23]. Over the past several decades, research on intertidal communities has mainly focused on identifying local-scale patterns of species diversity and abundance coinciding with latitudinal-scale trophic-level patterns following climatic variations to better understand regional-scale resiliency in these systems [24,25,26,27,28,29]. Insights into regional-scale comparisons in Pacific systems include a correlation between biomass and latitude, spatial similarity and functional group structure coinciding with oceanographic features, shifts in species abundance following the El Niño phenomenon, and new reports of foundation species [8,10,30,31,32]. Regional-scale efforts to describe and compare diversity, richness, and biological compositions of intertidal ecosystems have been underway in many parts of the eastern and western Pacific (Figure 1); therefore, research attention to poorly studied or unstudied areas will serve to provide more information about temporal shifts in abundances and ranges of species and functional group structure from naturally occurring oscillations in the environment to acute disturbances.



Although there is a considerable amount of information available regarding the vertical and latitudinal ranges of intertidal species, an analysis of diversity, abundance, and community structure in a few regions of the eastern Pacific is lacking. Furthermore, the reported range of any given species may be unreliable due to sampling bias, i.e., missed species as a result of regional gaps in census, or, conversely, the assumption of a species’ distribution absent a complete regional census [23]. Filling regional gaps in our knowledge and understanding of the countless unstudied intertidal areas of the world requires a universal agreement that research effort be focused on these areas regardless of perceptions of economic and development potential of the landscape. Employing a variety of diversity measures provides a means to untangle the underlying characteristics of each community, e.g., richness, evenness, and the limits of species ranges in poorly studied regions, which is particularly useful for measuring impacts from species invasions or where local extirpations of a population have occurred [11,14]. Additionally, the census methods used to collect data for diversity analysis are also suitable for identifying invasive species, which would otherwise go unnoticed in the absence of census effort. A good example is the spread of the invasive European Green Crab Carcinus maenas, with populations confirmed to be established in Washington state, British Columbia, and Southeast Alaska. Where detection and monitoring effort is consistent, management strategies have commenced, while alternately, a lack of monitoring and management in British Columbia has led to much a poorer understanding of the magnitude of the invasion [33]. The same case can be made for determining the magnitude of marine disease outbreaks. For example, Cornell University in the United States led a citizen-science-based effort that identified the onset of the sea star wasting event along the coasts of California, Washington, Oregon, and Alaska following the marine heatwave of 2014 [34].



One of the most compelling examples of the difficulty in assessing damage to ecosystems without the benefit of a baseline census of biota is the Exxon Valdez Oil Spill in Prince William Sound (PWS) Alaska, which covered over 2000 km of coastline in the spring of 1989. PWS was a woefully understudied region with significant deficiencies in the baseline knowledge of the biological composition of the communities, and in the years following the spill the scientific consensus that significant and long-lasting declines in diversity and abundance of foundation species such as canopy-forming macroalgae were underway was based on post-spill analysis only [21,35,36,37]. The oil spill in PWS not only revealed that deficiencies in baseline knowledge hampered efforts in terms of assessing damage to the ecosystem, but served as a catalyst for a broader regional effort to inventory intertidal taxa and measure the abundance of algal standing stock in this previously understudied region; in other words, to obtain a baseline census that could be integrated into a management plan before a significant level of impact occurs [5,38,39,40]. One such effort has been coordinated by the Bureau of Ocean Energy Management (BOEM), which developed the Multi-Agency Rocky Intertidal Network (MARINe) working group. MARINe is a consortium of citizen scientists and researchers with the objective of censusing rocky intertidal systems over a continuum of sites from Baja California to Washington, with a focus on the efficacy of marine protected areas including the Channel Islands, the Greater Farallones, and the Olympic Coast National Marine Sanctuaries [41,42]. MARINe employs a set of well-defined protocols using multi-scale survey techniques for collecting temporal incidence and abundance data, thus providing a baseline for forecasting changes in the biological composition of the communities as a result of catastrophic human-caused impacts.



There exists a scientific consensus that marine ecosystems along the Pacific coast are vulnerable to oil spills thanks to an ever-increasing demand for fossil fuels, and these systems are under threat from increasing sea surface temperatures as a result of climate change and increasingly stronger El Niño events. What is well understood about intertidal communities in meticulously studied areas of the Pacific should serve to compel an eagerness within the scientific community to fill the remaining gaps in our knowledge of bio-regional compositions in poorly studied or unstudied areas, particularly since they face increasing threats from climate change. A baseline understanding of biological communities from every region possible is essential for assessing damage and mitigating loss from catastrophic impacts, as mentioned previously. In this review, we will discuss the usefulness of census surveys as a means to provide regional baseline datasets of intertidal biota and to produce diversity indices that provide a coherent picture of biological community compositions in poorly studied or unstudied highly productive areas of the eastern Pacific. Regional specific baseline data can provide a “before” picture of the community, which is a necessary tool necessary for coastal managers and stakeholders to be able to forecast effects and mitigate responses to extreme pollution and climatic events [5,36,40,43]. We acknowledge the historical importance of the intertidal zone and the role it has played in human culture over time, and we present a summary of the characteristics of a biological census along with a background of the human relationship with the intertidal zone as well as existing research that provides trans-regional descriptions and comparisons of intertidal communities across the Pacific. We propose that a trans-regional biological census and comparison of community structures be undertaken in three poorly studied eastern Pacific ecoregions, with the objective of describing patterns of zonation, abundance, richness, and diversity. Additionally, we support an effort to unite stakeholders in a healthy coastal environment (tribal groups, university students, municipalities, fishermen’s co-ops, etc.) into localized working groups that can provide long-term monitoring, thus providing the valuable tools necessary for responding to threats posed by climate change and oil pollution.




2. Background


2.1. Measures of Diversity and the Disturbance Hypothesis


Biologists seek to measure the composition of communities in a way that describes the properties of any given assemblage, e.g., the number of species present (richness) and the ratios of abundances across species (evenness), and it is ideal to use an array of measures to effectively capture and compare community properties, including rare and unique species [44,45,46]. Species richness (S) is widely used because it is a simple calculation of the number of species in a sampled area, but the accuracy and precision of the resulting index values vary with sampling effort. Estimators such as the Chao Index are designed to give equal weight to the “unequal catchability” of incidence or abundance of rare species [47]. Increasingly, the functional group organization of assemblages categorized by structural, taxonomic, and trophic regimes has been used for describing community diversity and community composition across large regional and temporal scales [48,49,50,51,52]. Analysis of functional and taxonomic richness for abundance data using accumulation curves similar to methods used for species–area curves has been proposed as an effective method for describing gamma diversity among regions, particularly when there exists variance in sampling effort [53]. In the context of diversity, it is worth mentioning Rapoport’s rule, which suggests that a latitudinal gradient of terrestrial diversity exists that is driven by species dispersal and range, with higher diversity typical in lower, tropical latitudes, but this is not necessarily true for marine biological systems due to variations in nutrient delivery from oceanographic processes [19,54,55]. Accumulation curves for marine systems have revealed that levels of diversity are not necessarily monotonic with latitude and in fact can be variable across large regional scales because dispersal and range are driven by ocean processes and nutrient availability [3,11,14,56].



The Intermediate Disturbance Hypothesis (IDH) introduced in the early 1970s has been a subject of broad debate among marine ecosystem researchers because of the inherent extremes in environmental variability [9]. Nevertheless, it suggests that the scale of diversity in an ecosystem is a function of the magnitude of disturbance, with competitive exclusion, rapid colonization, and local extinctions being among the mechanisms that drive changes in diversity [57,58]. Among the objectives for measuring species diversity in community ecology are classifying systems on bioregional scales, determining changes to the community over time, drawing comparisons among communities, and measuring the response of a community to disturbance, which is defined as a variation or disruption in the ecosystem that results in negative or positive effects on species diversity (some examples of disturbance include species invasions, predation, pollution, human-induced conversion of the natural landscape, and sudden changes in environmental variables). The most commonly used measures of diversity are the Shannon–Wiener and the Simpson indices (16, 17, 53). Both are compound indices integrating both richness and evenness, while the Simpson index also measures the probability that two species randomly selected from a sample will differ [59,60]. Fisher’s alpha is a diversity index useful for incompletely sampled communities; it is more sensitive to rare species than are the Shannon and Simpson indices, with a formula designed to predict abundances to the ith species and to rank those species on a logarithmic scale [61]. The drawback to using the Shannon–Wiener and Simpson measures is based in their formulae as dominance indicators; in other words, changes in diversity indices are typically driven by changes in abundance of the dominant species measured, while the index values calculated from Fisher’s alpha measures may be zero, or difficult to compare among communities if sample sizes vary. A means to classify three of the above-mentioned commonly used diversity measures in terms of sensitivity to rare species has been proposed by Hill (1973) [62]. Hill numbers are a continuum of diversity indices that include the following indices, which are ranked from greatest to least sensitivity to rare species: species richness, exponential Shannon diversity, and Simpson’s inverse. The resulting values, when plotted to a graph, show a steeper curve as an indicator of higher variation in abundance between measures. In a similar fashion, rarefaction curves are used to draw comparisons among species richness levels from sampled communities [63].



Intermediate to high levels of disturbance, particularly from human-caused disruptions, can cause changes to the abundance and structure of functional groups [49,50,64]. Fortunately, in the mid-20th century the marine ecologist E.Y. Dawson recognized the importance of conducting a census of intertidal algal communities under threat of catastrophic disturbance, which influenced the “before-and-after-control” approach to research design on impact assessment [65]. It was Dawson’s pre-spill surveys following the catastrophic 1969 Santa Barbara oil spill in California that provided a reference standard in the days immediately following the spill and were instrumental in concluding that widespread destruction of marine biota and disappearance of kelp beds was underway [66]. Variations in seaweed abundance with localized declines of the brown alga Fucus gardneri (a foundation species) have been revealed in the decades following the Exxon Valdez oil spill; these two events underscore the significance of baseline studies as reference standards necessary for predicting temporal responses to disturbance [36,43]. Algal cover provided by the leathery brown macrophyte Fucus distichus has been identified as a primary substrate for North Pacific herring roe (Clupea pallasii), a forage fish with a seasonal spawning cycle [67] that is the focus of a large-scale commercial roe fishing industry in British Columbia and Alaska that has been linked to the collapse of herring populations throughout much of the Pacific [68]. Disturbance from overfishing has been found to cause shifts in the functional hierarchy of algal groups from higher to lower complexity [40,50], which poses significant implications for populations of fish that spawn close to shore.



As mentioned previously, the MARINe working group began as a citizen science response to catastrophic oil spills, but only recently has a census of intertidal communities commenced in Southeast Alaska, which is at the forefront of marine heatwaves originating in the Gulf of Alaska; nevertheless, their census of sea stars was instrumental in assessing damage following the sea star wasting event that commenced during the marine heatwave in the summer of 2014 when a decline in abundances of a multitude of asteroid species, including keystone asteroids, occurred [34,69]. This resulted in a trophic cascade and an increase in the abundance of primary consumers and benthic grazers and a significant decrease in kelp forests throughout Southeast Alaska. Threats from disturbance to the intertidal zone in Peru include the unregulated harvesting of invertebrates and seaweeds for the restaurant industry and phycocolloid (agar and carrageenans) extraction, respectively, most notably the gastropod Concholepus concholepus and the sea star Heliaster helianthus. Disturbance caused by the removal of a species has the potential to result in a cascade of trophic effects and varies depending upon the source of disturbance and accompanying environmental and biological patterns [70,71]. Another significant threat includes the shore-based transfer of fossil fuels, with five major ports with fuel loading docks in close proximity to rocky intertidal systems. The most recent spill occurred following a seismic event that resulted in the hull rupture of an Italian tanker, the Mare Doricum, while in port in Callao in January 2022. Similar to the Santa Barbara and Exxon Valdez spills, the spread of the Mare Doricum slick was driven by ocean currents and covered nearly two million square meters of intertidal habitat, although the true area is still unknown. The spill affected islets and coastlines within the Reserva Nacional Sistema des Islas Islotas y Puntas Guaneras (RNSIIPG), a UNESCO Heritage site created in 2009 consisting of 33 sites along the coast of Peru. Cleanup efforts for the Mare Doricum spill mirrored efforts for the Exxon Valdez spill, with catastrophic management of ecosystems and biota but no real assessment of disturbance to intertidal algal standing stock [72].




2.2. The Human Relationship with the Intertidal Zone


The cultural and historical importance of the intertidal zone as a source of food for indigenous cultures is often under-represented in scientific literature, and although a thorough discussion of current research in the archaeological connection to the intertidal zone is beyond the scope of this review, we believe the subject is deserving of attention in our synthesis because of the health implications that this system poses in coastal cultures today, as well as to acknowledge our relationship with the past. Coastal-dwelling civilizations of the Pacific have long had a strong relationship with the intertidal zone and managed it for sustenance, commerce (e.g., the shells of invertebrates were a form of currency), and as a spawning resource for commercially valuable fish and invertebrates. The Macah of northwestern Washington, the Bella Coola of British Columbia, and the Chumash of present-day Los Angeles and surrounding areas in southern California are examples of indigenous societies that engaged in the exchange in commerce and culture. The Tlingit people of Southeast Alaska and northern British Columbia have a distinct language with roots in the Copper River Delta of Southcentral Alaska as well as a distinct form of art that depicts marine life as the identity of the Tlingit clan houses throughout Southeast Alaska and British Columbia [73]. Their relationship with the intertidal zone is embodied in the saying of the Gaawt’ak.aan Clan of Glacier Bay: “When the tide is out, the table is set”. Today, Tlingit cultural immersion learning in after-school programs re-introduce children to traditional and cultural harvesting activities and original Tlingit names for intertidal animals that are an important and historical source of food such as Nées (sea urchin), Yein (sea cucumber, Stichopus californicus), Shaaw (gumboot chiton, Katharina tunicata), Yaak (mussels), and Gáal (clams) [74]. Stories passed down from generation to generation (the “word-of-mouth” cultural tradition) tell of Tlingit paddlers embarking in their canoes on trans-equatorial explorations in the South Pacific to engage in commerce with other indigenous nations. Traditional methods of harvesting herring roe from intertidal seaweeds, kelps, and seagrasses are passed down from generation to generation and are still in practice today.



Intertidal organisms have been linked to Peruvian culture since ancient times (13,000 BCE) for subsistence (small clams and mussels—e.g., Donax spp., Perumytilus purpuratus), and later for rituals (Spondylus calcifer) [75,76]. Recently unearthed artifacts have revealed the Mochica, an ancient coastal society with a complex social structure and a lifestyle that included subsistence harvesting from the ocean. Elaborate pottery detailed with fine line drawings depict beach seining for fish and portray traditional coming-of-age rituals between young Mochican warriors and juvenile South American sea lions; shell middens and the remnants of hand-crafted fishing rafts reveal a rich and integral relationship with their coastal environment that paralleled the Tlingits’ relationship with the sea [77]. Reportedly, intertidal biota might have provided subsistence for coastal populations even through challenging climate conditions from El Niño Southern Oscillation (ENSO) [78]. Currently, intertidal communities are affected not only by ENSO cycles but also by pollution and overfishing for bait and human consumption [79,80]. Assessing the state of intertidal communities is challenged by the lack of long-term monitoring and the lack of knowledge of non-commercial species [10,81].




2.3. Research Conducted on Intertidal Ecosystems in the Pacific


The early 20th-century marine ecologist Ed Ricketts pioneered the concept of ecology in marine research as he sought to describe the continuum of trophic-level relationships among various intertidal organisms from Baja California to Southeast Alaska during his first surveys of intertidal ecosystems in 1932, and these relationships were first addressed in an academic context in his book Between Pacific Tides, published in 1939, and Sea of Cortez, published in 1941 [82]. His exposure to the subsistence traditions of the coastal Haida and Tlingit tribes of Southeast Alaska and the significance of the intertidal zone as a resource for hunter-gatherer cultures, as well as a productive system in coastal marine food webs, resulted in his writings for audiences from an industrialized western cultural perspective [82]. Today, much of the intertidal research in the eastern and western Pacific has occurred along semi-continuous coastlines or a patchwork of latitudes with a focus on characterizing local-scale species diversity and abundance, spatial turnover, hierarchical structure, range shifts, and the relationship between biological and oceanographic processes [1,8,11,13,19,83,84]. In the western Pacific, Okuda et al. [13] have discerned regional-scale gradients in richness and beta (turnover) diversity, and more recently, small-scale accumulative carryover effects have been identified among functional and trophic groups during and after chronic marine heatwaves in Hokkaido [85]. In the central north Pacific, Konar et al. [86] have identified depth-stratified differences in taxonomic hierarchies, invertebrate abundance and macro-algal biomass in intertidal and subtidal communities in Kodiak, Kachemak Bay, and Prince William Sound. Blanchette et al. [30] have discovered patterns of diversity on a broad regional scale from southeast Alaska to southern California, with seven distinct biogeographical groups defined based on patterns in similarity. In the Southeast Pacific, Ibanez et al. [11] and Valqui et al. [10] have accomplished similar work by identifying localized patterns, shifts in biological compositions, and a shifting zone of transition following disturbance from El Niño in Peru between 4° S and 14° S. Each work concludes with a statement of need to carry forward census efforts on large- and small-region scales in unstudied or poorly studied areas in order to collect the necessary biogeographic data on contiguous and temporal scales [8,10,11,26,85].



Mussels (family Mytilidae) are a foundation species found throughout the intertidal zone and have increasingly become the subject of research due to their abundance world-wide, which positions them as a sentinel species for measuring the physiological responses and rates of mortality from environmental stress and human disturbance [1,87,88,89,90,91]. Mussels are also recognized as a bioengineer species with the ability to mitigate ambient temperatures and desiccation within the assemblage and within certain thresholds, moderate the density of their own matrices, form dense assemblages of mixed age- and size-class matrices, enhance diversity in the associated communities, and provide increased areas of substrate as habitats for larval fish and for the settlement of algae and invertebrates that are challenged by inter-species competition for space [89,92,93,94,95,96] as well as a food resource for seabirds and megafauna. The Mytilidae account for at least 9000 known species on nearly every continent [30] and were important in indigenous culture as food and trade items since before recorded history. Today, mussels have economic value as a product of commercial-scale aquaculture [97]. The term “mussel matrix” is a term used to describe the layers and depth of mussel assemblages, and the magnitude of layers in a mussel matrix has been correlated with mussel spat recruitment and shell size with varying wave factors as well as their function as islands of habitat for intertidal species [93,98,99]. Matrix depth, sedimentation, and algal canopy are factors that play a significant role in species richness. In the eastern Pacific, positive correlations have been identified between multi-layer mussel matrices and biodiversity, while an inverse relationship exists between multi-layer matrices and species evenness [92,99]. Furthermore, the relationship between mussel matrices and algae is a commensal one; the matrices provide space for the settlement of algal sporelings, and the algal sporophytes form canopies that retain moisture and thereby minimize desiccation, thus providing a benefit to intertidal biota living near the threshold of their thermal tolerance limits [92,94,100].



The mussel assemblages in Southeast Alaska are comprised primarily of the native blue mussel Mytilus trossulus and a suggested hybrid of M. trossulus and the non-native species M. edulis and M. galloprovincialis [101,102,103,104], although patterns of hybrid species versus stands of pure M. trossulus have not been explored. In Peru, the most common species north of 5°S are in the genus Brachidontes, while south of 5°S the dominant species are Perumytilus purpuratus and Semimytilus algosus. The role of temperature in the structuring of communities associated with intertidal mussel assemblages in the eastern Pacific and the physiological response to heat stress has been researched exclusively on small regional scales. The use of in situ temperature loggers to collect thermal data has been used in specific locations in the northeastern Pacific; however, a broader regional effort is unlikely due to the high cost of the study design. Mussel assemblages exhibit mosaics of heat stress and are vulnerable to localized extinction events based on a host of environmental variables following extreme heat events [89,105]. Mussel research in western and south-central Alaska has focused on commercial aquaculture, paralytic shellfish poisoning, the introduction of non-native mussel species and the assignment of mussels as a Mytilus complex following regional-scale hybridization of non-native with native species and commercial aquaculture [106]. A lack of research focus on the biological and structural complexity of wild mussel assemblages has contributed to a lack of understanding on the diversity of invertebrate and algal communities associated with mussels as well as the response of these communities to environmental stress and disturbance, and the role they play in temperate nearshore food webs has been largely unexplored. The effect of environmental factors (nutrient inputs, sediment loading, area of the assemblage, environmental heterogeneity, emersion times, etc., on the structural complexity and species richness in mussel assemblages have all been examined on the coasts of Japan, Washington, Chile, and central Peru with variable effect size based on the explanatory factors used in the analysis [90,92,96,98,99,100,101,107,108]. Only recently have efforts been made on the outer coast of Southeast Alaska and the northern subtropical and warm temperate coasts of Peru to study the biological and environmental variables that drive mussel assemblage complexity, with the discovery of a physical biomarker as a predictor of diversity in algal and invertebrate communities living within mussel assemblages [99].





3. The Focal Regions


3.1. The Need for Intertidal Census


Local-scale patterns of diversity, abundance, and turnover of taxa are typically driven by local-scale environmental processes [11,109]. The coastal areas of Southeast Alaska and Peru are proximal to the processes (downwelling and upwelling) that provide for highly productive marine ecosystems and are considered ground zero in terms of these respective processes. Larger-scale processes include the North Pacific Decadal Oscillation (NPO), a fluctuating atmospheric pressure regime that directly influences sea surface temperatures in the Gulf of Alaska, and the El Niño Southern Oscillation (ENSO) that also directly influences sea surface temperatures in the equatorial South Pacific. The cascade effects from NPO and ENSO on the hierarchical turnover of biologically important resources in the northeast and southeast Pacific [110,111,112,113] have been recognized, and while the effect of ENSO on higher-trophic-level organisms such as seabirds and marine mammals has been studied, along with more limited-in-scope catch-per-unit abundance studies on commercially important bivalves and other benthic invertebrates, there has been little effort that measures effects on the health of the intertidal ecosystem [114]. The effects of ENSO and marine heatwaves on intertidal kelps have been determined to be detrimental in terms of abundance and cover [115]; however, the response of intertidal communities to NPO has largely been ignored.



Marine heatwaves are independent of the processes that drive NPOs and ENSOs. NPOs are Kelvin waves that deliver abnormally high sea-surface temperatures to coastal areas, while the driver of marine heatwaves has only recently been suggested [116]. These events are responsible for acute, local-scale cascading events in marine ecosystems; the abundances of intertidal mussels are influenced by environmental extremes with varying effects that impact the entire ecosystem [117]. The marine heatwave in the spring of 2014 served as a bellwether in the eastern North Pacific and persisted throughout much of the boreal summer [118], with impacts on biological systems including reductions in phytoplankton biomass, seabird die-offs, commercial fish declines, and temporal range expansion of subtropical pelagic species to the Gulf of Alaska [110,119]. In the South Pacific, the “Coastal El Niño” marine heatwave manifested in the austral summer of 2017, resulting in range shifts and changes in abundance of intertidal taxa on local scales [10] as well as shifts in the functional group structure and species composition of intertidal mussel communities along the coast of Peru [120]. As marine heatwaves become more frequent, the question becomes one of predicting cumulative carryover effects identified by Ishida et al. [85] and changes in algal biomass and patterns of growth, particularly in the intertidal communities of Southeast Alaska as the climate continues to warm [121] (Figure 2).



The relevancy of predicting carryover effects in intertidal systems in poorly studied or unstudied regions is attributed to the potential for these systems to become significantly altered by localized and regional shifts in trophic and functional groups, as well as alterations in the services provided by decreased algal biomass. For example, marine algae perform an important trophic-level role by contributing oxygen through photosynthesis, providing substrates for recruitment and shelter for marine invertebrates and larval fish [25,83]; thus, a decrease or vertical shift in the algal biomass as a result of climate change could lead to a significant negative impact on food webs and food resources. The regional-scale gaps that exist in intertidal research contribute to contemporaneous gaps in information on the biogeographic structure of rocky intertidal communities in poorly studied and unstudied regions. Until these gaps in knowledge are filled, voids will continue to exist in our broad regional understanding of how communities will adapt and re-structure following extreme disturbance events.




3.2. Bioregional Classifications


Southeast Alaska and Peru are part of a geographically contiguous coastline on the eastern Pacific separated by tens of degrees of latitude and thousands of kilometers. The terrestrial climate of Southeast Alaska is defined as a temperate boreal rainforest, while the climate of coastal Peru is defined as an arid to semi-arid coastal desert; nevertheless, similarities exist in the marine realm, namely the taxa and functional group structure of rocky intertidal communities that were important food items in indigenous cultures. For example, the upper rocky intertidal zones of both regions consist of stratified bio-bands of barnacle, mussel, and gastropod (Littorinidae) communities with transitional overlap occurring between at least two different species from the same genus. In both regions, species of the green algal (Ulva spp.) make up a considerable portion of the bands in the upper to mid zones, and the red alga (Pyropia lanceolata, Setchell and Hus 1900) occurs in stands associated with foliose green algae (Ulva linza, Linnaeus 1753). The composition of algal bio-bands in the intertidal zone in Southeast Alaska is tightly linked with a seasonal spawning event involving Pacific herring (Clupea pallasii, Valenciennes 1847); the herring roe on kelp is harvested for human consumption [67], and the harvesting of intertidal kelps, bivalves, univalves, echinoderms and crustaceans is still in practice in coastal towns in Peru.



A framework of bioregional classifications is helpful for making coherent comparison of communities across broad regional scales such as we propose, and several biogeographical provinces have been proposed for the eastern North Pacific with seven delineations spanning from 25° N to 60° N based on similarities and patterns of abundance and distribution of intertidal species [30]. The Census of Marine Life Mapping and Visualization program (also known as Marine Ecoregions of the World, or MEOW) is a global database that organizes all the world’s marine habitats and species into broad-scale (Realms), medium-scale (Provinces), and local-scale (Ecoregions) classifications (Table 1). Ecoregions are defined by a relative and distinct homogeneity of species composition that varies from one region to the next, and the geographic drivers of ecoregional species composition may be diverse from among locations within each ecoregion and include upwelling, freshwater influences, ice, currents, and nutrient inputs [20]. The Gulf of Alaska is a cold temperate realm in the North Pacific Ocean with a productive coastal downwelling system influenced by the Kuroshio and sub-Arctic Oyashio currents [122,123]. Southeast Alaska harbors rich yet poorly studied intertidal communities and makes up much of the North American Pacific Fjordland (NAPF) ecoregion stretching 480 km from 54° N to 59° N. The fjords and islands that make up the archipelago were carved by the Cordilleran ice sheet during the Late Wisconsin glaciation [124], with a coastline that is still undergoing isostatic rebound on a scale of centimeters per year since the end of the Little Ice Age approximately 200 years ago [125,126]. Shoreline geographies within the archipelago include tidewater glaciers, elongate bays, mud flats, and shorelines with rock vertices, benches, and terraces (Figure 3). Tides are mixed diurnal, with periods of extreme low tides occurring during daylight hours in the summer. Outer coastal areas of the archipelago are exposed to strong wave action and swell from the Gulf of Alaska, while the sounds, bays, and inside passages are relatively protected from waves.



Located approximately 10,000–13,000 km from Southeast Alaska are the Guayaquil (GUAY) and Humboldtian ecoregions of the eastern South Pacific, which include the coasts of Peru and Chile. The Peruvian coastline stretches over 5000 km from 3° S to 18° S with a coastal geography ranging from desert and relatively small sand dunes in the subtropical GUAY ecoregion to a combination of desert and foothills in the central region, with larger foothills, plains, wetlands and river valleys in the temperate Humboldtian ecoregion [127,128]. The intertidal zone is characterized by sandstone benches in the GUAY ecoregion, while farther south of 6° the coastline is primarily formed by uplift from tectonic activity, and the intertidal platforms are primarily composed of granite benches, terraces, vertices, and boulders in the Humboldtian ecoregion (Figure 4). Areas of near-shore upwelling along the southeastern boundary of the South Pacific are a result of the Humboldt Current System, while offshore upwelling between 3° S and 6° S is influenced by the Humboldt Current, the Cromwell Current, the Peru Counter Current, and the Southern Trade Winds [129,130,131]. Upwelling is depressed during El Niño Southern Oscillation (ENSO) events every 3–7 years, with the entire coast from the GUAY ecoregion to the Humboldtian ecoregion exposed to sea surface temperature anomalies.



The NAPF, GUAY, CeP, and Humboldtian ecoregions are located along a contiguous coastline that shares productive commercial fishing and aquaculture industries, with a rich history of commerce and trade among the major port cities established within those regions. Disturbance in marine systems stems primarily from the drilling and transport of fossil fuels, large-scale commercial fishing, and changes in oceanographic patterns as a result of global warming. In Southeast Alaska, harvesting in the intertidal zone is closely regulated, while in Peru regulations are weak or non-existent with localized extirpation of top invertebrate predators. The rocky intertidal zones of all three ecoregions share many similar marine taxa that make up the biological compositions of the communities: for example, the brown algae Colpomenia and Macrocystis, the red algae Lithothamnion, Corallina, Pterosiphonia, and Porphyra, and several species of the genus Ulva constitute a considerable portion of the intertidal zones of all three ecoregions [79]. Marine gastropods (Tegula, Lesson 1833 and Fissurella Bruguiere 1789, Muricidae 1815) occupy different niche habitats, while periwinkles (Littorinidae) occupy similar niche habitats in all three ecoregions (Figure 5). A coordinated effort to analyze the community compositions in these ecoregions could provide a roadmap for predicting effects on the biodiversity in the ecosystem following extreme heatwave events [116].





4. Discussion and Future Directions


The intertidal zone is unlike any other ecosystem on Earth in terms of the plants, animals, and algae that have adapted to living in the harshest of conditions that this biome has to offer. Measures of diversity and analysis of the physiological adaptations that regulate tolerances and thresholds to this harsh environment, i.e., nutrient inputs, temperature, desiccation, pollution, etc., have been the impetus for research in many regions of the Pacific. First and foremost, a census of marine life in poorly studied or unstudied ecosystems is vital to precisely describe the location, abundance, and range for any given species and is fundamental for the very comprehensive analysis of the physiological and environmental adaptations that accompany disturbance. There are many examples in the published literature that describe the ranges of rocky intertidal species along the Chilean coast, which are often accompanied by the assumption that conspecifics co-occur in unexplored areas of the Peruvian coast. An abundance of reference guides, identification books and dichotomous keys have been published on northeastern Pacific intertidal flora and fauna; however, the majority of real research on the systems that support these communities has only been carried out in the central Pacific Northwest (California, Oregon and Washington). Although more attention has recently been drawn to these understudied rocky intertidal areas in the eastern Pacific, more work must be carried out to accomplish a full understanding of the various hierarchical structures and the processes that drive richness and abundance along the coastline.



The inherent features and rugged accessibility of the intertidal zone have formed an historical and present-day significance in the culture of coastal-dwelling humans that cannot be understated. Intertidal communities continue to provide food, habitat, and sanctuary for a large diversity of living organisms on a global scale. The trans-regional connection among marine intertidal communities is not a new concept in marine community biology and has been previously explored for the pre-glacial distributions of molluscs and leathery kelp species in Europe and South Africa [132]. As illustrated throughout this review paper, Southeast Alaskan and Peruvian intertidal ecosystems share similar taxa, functional group diversity and community structure; therefore, what we have learned from the dynamics of intertidal hierarchies and the resilience of Peruvian intertidal communities following acute sea surface anomalies from El Niño will serve to lend understanding on the effect of chronic and acute marine heatwaves on boreal rocky intertidal communities in the near future [25,115]. As has been demonstrated in the scientific literature covered here, several decades of research orchestrated by researchers and groups such as MARINe provide proof that continuous census work is essential for maintaining the integrity of marine protected areas in the northeast Pacific. Census work from these thoroughly investigated regions of the Pacific coast serves as a benchmark for intertidal census in poorly studied or unstudied regions, and in fact, an increased interest in intertidal ecology is underway in Peru and Southeast Alaska at the time of writing this.



There exists a strong history of intertidal research in many areas of the eastern Pacific, and clearly, more can be learned from studying the effects of sea surface temperature, upwelling, and nutrient availability on the functional group and trophic structure of biota associated with mussels. One of the major questions is, how will the diversity and ecological functioning of intertidal communities change in the context of climate change but also other key stressors including the arrival of alien species, sea level rise and pollution [133]? Patterns of zonation may change following El Niño or other climatic disturbances; therefore, Engle [39] recommends a re-survey of transects at a minimum of every five years in order to provide a continuum of census data in the intertidal communities under study. Significant results in terms of analyzing patterns of zonation can only be increased with the collection of robust data, and by increasing the frequency of surveys on larger temporal scales more information will be available for determining how intertidal communities change over time. Increasing the frequency of monitoring of commercially exploited invertebrates, algae, and juvenile fish as well as expanding monitoring protocols to include shallow subtidal habitats will also provide a metric on the efficacy of marine protected areas, or at least provide support for establishing new ones. Several measures in beta diversity for analyzing sample data to provide a coherent picture of species turnover should be considered. In their analysis of multi-scale turnover diversity of intertidal systems in Japan, Okuda et al. [13] defined diversity as the probability of encountering the same species among samples using Simpson’s Diversity Index; however, their method provided many small-scale assessments of beta diversity versus an assessment of transitional species turnover throughout a bioregional continuum. Broitman et al. [31] have recognized variations in patterns of functional groups associated with trophic-level abundances and strength of upwelling in rocky intertidal assemblages, and this could be assessed on a smaller scale using temporal-scale intertidal seawater temperature measurements coinciding with intertidal community surveys. Such a treatment design may shed light on the causes of observed changes in intertidal community trophic structure, particularly following El Niño or marine heatwave events. Furthermore, it is important to remember that a temporal survey design may reveal new or previously unreported species, such as the polychaete (cf.) Boccardia wellingtonensis collected by Wilbur et al. [99] in varying abundance over the course of a three-year survey at Reserva Punta San Juan (PSJ) in the RNSIIPG.



We propose a broadened scope of census that encompasses species turnover and diversity among the NAPF, GUAY, and Humboldtian ecoregions at a minimum of fifteen marine intertidal sites that are unique in terms of research effort. In particular, we parse the Humboldtian ecoregion into two sub-ecoregions according to the proximity of the shoreline to upwelling; for example, the “Humboldtian Wide Shelf ecoregion (HWS)” is between 12° S and 13° S and the “Humboldtian Narrow Shelf ecoregion (HNS)” is south of 13° S [130,134]. The sites under consideration are Pirate’s Cove, Kayak Island, Whale Park, and Kresta Point in the NAPF ecoregion, Playa Acapulco, Los Organos, El Nuro, and Cabo Blanco in the GUAY ecoregion, Playa Ensenada, Playa Farallones, and Playa Palmeras in the HWS ecoregion, and Reserva Punta San Juan, Playa Siete Huecos, and Antofagasta in the HNS ecoregion (Table 2). These sites are appropriate for carrying out a census of invertebrate and algal communities using sample-based biodiversity surveys and measures of similarity that provide coherent patterns of zonation on small, medium, and large spatial scales. The steps following this census and diversity analysis should include smaller-scale measurements of the characteristics of mussel matrix complexity (i.e., mussel biomass, layering and bed depth, age class) in an effort to understand the underlying factors of diversity in the algal and invertebrate communities associated with mussel assemblages in these intertidal systems [94,99]. Future directions in research should integrate DNA analysis, nutrient inputs, chlorophyll abundance, and the physical attributes of the local water bodies (nutrients, temperature and salinity) to explore the relationships between wave exposure, upwelling, plankton availability and the growth and complexity of mussel assemblages. Additionally, assessments of localized upwelling events can be explored using nearshore and offshore sea surface temperatures from in situ and satellite imagery as a means to examine environmental effects on biological composition of the communities [11,31]. Given that the intertidal zone has played such an important role in human history that continues to this day, filling these gaps in our knowledge will certainly provide the necessary tools for predicting the magnitude of impacts from marine heatwaves and oils spills, and for broad-scale protection of this valuable ecosystems from pollution and climate change.




5. Conclusions


Marine intertidal ecosystems have increasingly received research attention throughout much of the Pacific; however, many bioregional gaps in poorly studied or unstudied areas in the northern and southern hemispheres remain. A proposal to use census regions that have been poorly studied or unstudied should not be controversial, considering that the methods used previously have enriched our knowledge and understanding of the biological compositions and physiological adaptations of species in well-researched intertidal communities. By taking census of the intertidal biological communities within these regions, we are equipped to ground-truth the range and abundance of any given species, to correct any reporting bias that may exist, and to provide a factual basis for our assessments of spatial distributions and patterns of diversity and richness on broad regional scales.
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Figure 1. Open-access map courtesy of Marine Ecoregions of the World available on the website (www.databasin.org) showing the ecoregions in the eastern Pacific. Ecoregions are given as abbreviations, from left to right: GOA = Gulf of Alaska; NAPF = North American Pacific Fjordland; OWV = Oregon Washington Vancouver; Nca = Northern California; SCB = Southern California Bight; MaT = Magdalena Transition; MTP = Mexican Tropical Pacific; GUAY = Guayaquil; CeP = Central Peru; HUMB = Humboldtian; CeC = Central Chile; ARAU = Araucanian; ECS = East China Sea; OgI = Ogasawara Islands; CKC = Central Kuroshio Islands; NeH = Northeastern Honshu; ALI = Aleutian Islands. Complementary research effort among ecoregions cited in this paper is indicated by matching small case letters in parentheses. Shapefile for QGIS projection courtesy of the author/The Nature Conservancy. More details on Copyright and Licensing are available at the following link: https://geospatial.tnc.org/datasets/903c3ae05b264c00a3b5e58a4561b7e6/about. 
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Figure 2. Two intertidal strata photographed in Southeast Alaska following the marine heatwave of 2014–2016 demonstrate significant changes to the abundance and hierarchy of intertidal assemblages. The photos on the left were taken in 2015 and show assemblages of the brown seaweed Fucus gardneri, the red seaweed Mastocarpus jardinii and the acorn barnacle Balanus glandula. The photos on the right were taken at the exact same locations in 2017; note that F. gardneri cover is reduced and the substrate is dominated by the non-native barnacle Amphibalanus sp. 
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Figure 3. Examples of some of the shoreline geographic features of the intertidal zone of Southeast Alaska in the North American Pacific Fjordland ecoregion. Clockwise from top left: A glacially carved fjord leading to a tidewater glacier in Glacier Bay National Park; a view from the mouth of Dundas Bay, an elongate bay approximately 22 km in length; a typical shallow tidal mudflat in Dundas Bay; vertical rocky intertidal habitat in Endicott Arm; an intertidal terrace in the Kashevarof Islands showing “biobands”, the stratification of algae prominent for each zone; a rocky intertidal bench with a haul-out of Steller Sea Lions in Glacier Bay National Park. 
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Figure 4. Examples of shoreline geographic features in the ecoregions in Peru that are the focus of research in this review. Clockwise from top left: a sandstone bench in the GUAY ecoregion; a granite bench in the HWS ecoregion; emerging granite terraces near a recreational beach in the south of Lima City (HWS); vertical walls in the HWS ecoregion; granite boulders and slabs in the intertidal zone of the HNS ecoregion, likely the result of the toppling of adjacent cliffs during tectonic activity. 
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Figure 5. Marine intertidal taxa representative of high intertidal communities found in the northeastern and southeastern Pacific ecoregions. Each taxa represents a functional group similarity among ecoregions. Clockwise from top left: the brown alga Colpomenia sinuosa in the northern Humboldtian ecoregion near Lima, Peru; Colpomenia peregrina in the NAPF ecoregion in Sitka Sound, Alaska; the periwinkle Echinolittorina peruviana in a small tidepool in the Humboldtian ecoregion; Littorina sitkana in a tidepool in Sitka Sound; the green alga Ulva among red algae (center right of photo); canopy-forming Ulva rigida on mussel assemblages in the Humboldtian ecoregion. 





