

[image: image1]
Multiple Driver Impacts on Rocky Intertidal Systems: The Need for an Integrated Approach












	 
	REVIEW
published: 19 May 2021
doi: 10.3389/fmars.2021.667168





[image: image]

Multiple Driver Impacts on Rocky Intertidal Systems: The Need for an Integrated Approach

Charlotte Kunze1, Mirco Wölfelschneider2,3 and Lena Rölfer2*

1Institute for Chemistry and Biology of Marine Environments (ICBM), Carl-von-Ossietzky University of Oldenburg, Wilhelmshaven, Germany

2Faculty of Biology and Chemistry, University of Bremen, Bremen, Germany

3Leibniz Centre for Tropical Marine Research (ZMT), Bremen, Germany

Edited by:
Philippe Archambault, Laval University, Canada

Reviewed by:
Nessa O. Connor, Trinity College Dublin, Ireland
Charlotte Carrier-Belleau, Laval University, Canada

*Correspondence: Lena Rölfer, lena@roelfer.de

Specialty section: This article was submitted to Global Change and the Future Ocean, a section of the journal Frontiers in Marine Science

Received: 12 February 2021
Accepted: 27 April 2021
Published: 19 May 2021

Citation: Kunze C, Wölfelschneider M and Rölfer L (2021) Multiple Driver Impacts on Rocky Intertidal Systems: The Need for an Integrated Approach. Front. Mar. Sci. 8:667168. doi: 10.3389/fmars.2021.667168

Most intertidal rocky systems are exposed to severe tidal, diurnal, and seasonal changes in environmental parameters. In addition, they show extreme vulnerability to anthropogenic impacts. Research on multiple drivers is therefore crucial to understand the complexity of their potential interactions. Here, we first give an overview of the natural environment and impacts of climate change on rocky shore intertidal systems, and then focus on the impacts of multiple drivers. We further provide a summary of existing multiple driver studies in the literature with the aim for a better understanding of multiple driver interactions. As multiple drivers can affect rocky shore intertidal systems at different spatial and temporal scales, and the outcome of their effects are still more of an “ecological surprise,” we recommend a more widespread assessment of the environmental and biological context. We propose a new, integrated approach based on existing literature: this complements previous frameworks but with an improved understanding of co-occurring multiple driver systems of the rocky intertidal, in order to find management solutions based on accurate and informed predictions in these times of global change.
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INTRODUCTION

Rocky shores have a global distribution and are generally well-studied ecosystems that have been investigated for several decades (Menge, 1976). A number of ecological concepts originate from rocky shore research, e.g., competition, coexistence, and diversity (Menge, 1976; Connell, 1985; Branch, 2001; Worm and Karez, 2002; Hawkins et al., 2008, 2020). The dynamic properties of rocky intertidal shore make them an excellent model system for understanding changes in community structure and functioning (Hawkins et al., 2008), as well as for investigating impacts of single and multiple anthropogenic driver(s) acting upon them.

In this review we focus on climate change, as its impacts occur on a global scale—making its integration into research and management practices of high relevance. Exploring the interaction of climate drivers with natural and other anthropogenic drivers is of great importance in order to understand where additive, synergistic or antagonistic relations may occur, which will subsequently determine management plans. Furthermore, we refer to “drivers” rather than “stressors,” as “stressors” imply a negative impact, whereas “drivers” can include mitigating effects (Boyd and Hutchins, 2012; Boyd et al., 2018).

This review will provide an overview on (1) the natural environment of rocky intertidal systems and its response to natural drivers, (2) the anthropogenic drivers affecting the natural environment, and (3) multiple driver interactions and their influence on rocky intertidal systems, with particular regard to climate change. Building on this, we further investigate the current challenges regarding multiple driver research on rocky shores and discuss how those can be tackled in future studies. Finally, we propose an integrated approach of rocky shore research aiming for better predictions of the impacts of multi-driver changes; ultimately improving management solutions toward a sustainable relationship between humans and rocky shore ecosystems.


The Natural Environment of Rocky Intertidal Systems and Its Response to Natural Drivers

Rocky intertidal systems exist at the interface of land and sea, which is why the biogeographic ranges of its species are determined by various terrestrial and oceanic factors. Natural environmental drivers can be physical (desiccation, heat and cold stress, extreme salinity conditions, and wave action) as well as biological (competition for space and predation) (see Figure 1A), all of which lead to varying distribution patterns depending on local environmental conditions (Underwood, 1972, 1981; Hawkins et al., 2020). Physical parameters often increase in intensity toward the vertical boundaries of the shore, promoting a vertical zonation of species based on their tolerance to extremes of any of these drivers. The lower limit of intertidal species is defined primarily by biotic factors such as competition and predation (Connell, 1961). For sessile organisms, the upper zonation is limited by physiological stress due to environmental conditions. Mobile species, however, often live within their “zone of comfort” (Branch, 2001), by choosing their habitat, which can depend on the availability of prey or refuge from predators.
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FIGURE 1. (A) Natural and (B) anthropogenic drivers acting on rocky intertidal systems. In an undisturbed environment, mainly abiotic factors (such as wave action, temperature, salinity, and desiccation) limit the upper species zonation, whereas biotic interactions (e.g., predation and competition) shape the lower species zonation. Local anthropogenic drivers such as alien species introductions, habitat degradation, and pollution, as well as global anthropogenic drivers such as global warming and ocean acidification act on top of natural drivers and increase the level of stress on intertidal species. Pollution comprises drivers such as eutrophication, oil spills, toxins, endocrine disruptors, and toxic algal blooms. The drivers indicated in this figure are not exclusive, but synthesize the main drivers identified in this review. The arrows are not indicative of drivers affecting different intertidal zones.



Due to the exposed location of rocky shore species at the land-sea interface and the number of potential drivers affecting them, environmental impacts on rocky shore species are often more severe than in other coastal ecosystems (Thompson et al., 2002; Branch et al., 2008). This results in a pronounced disturbance history of rocky shore communities and demands their ability to frequently adapt to changes in the environment (Mieszkowska, 2016). Ecological memory is therefore an important feature of intertidal species and is defined as an assemblage of species and habitats in a particular location, which facilitates recovery following disturbance (Nyström and Folke, 2001; Berkes et al., 2004). Indeed, it is especially those individuals that faced a previous disturbance that have a greatly improved response performance during subsequent disturbances, and they are likely to recolonize and reorganize the system (Walter et al., 2013). Species characteristics such as tolerance of disturbance, generation time, and dispersal facilitate the adaptation capacity of rocky shore ecosystems (Bernhardt and Leslie, 2013). In fact, many studies found an increase in more tolerant species after multiple disturbances compared to single disturbances (e.g., Breitburg et al., 1998; O’Connor and Donohue, 2013; Johnson et al., 2015).

Further, the high biological diversity of rocky shores promotes ecosystem stability (Bernhardt and Leslie, 2013), including the ability to withstand, absorb and/or recover from disturbances, which is reflected in dimensions of resistance, resilience, recovery, or temporal invariance (Donohue et al., 2013; Hillebrand et al., 2018; Box 1). In a functionally diverse ecosystem [referring to a functional group as a pool of species which resemble one another because of their biogeochemical attributes (Naeem, 2008)], ecosystem functioning can be maintained when many species of a functional group are present (Walker, 1995; Naeem, 2008; Griffin et al., 2009), because species extinction can be compensated (Yachi and Loreau, 1999). This “functional redundancy” is a key concept in ecology, and one of the major reasons for the high tolerance of rocky shores to natural drivers (Loreau, 2004; Naeem, 2008). Consequently, diverse rocky shore communities often have an increased capacity for recovery following disturbance (Walker, 1995; Tilman et al., 1996; Naeem, 2008). Moreover, the strength of species interactions can either stabilize or destabilize rocky shore ecosystems (Bernhardt and Leslie, 2013; White et al., 2020). For example, if species interactions are strong, the loss of one key species results in higher susceptibility to disturbances (Menge, 1976; Arnott and Vanni, 1993; Crooks and Soulé, 1999; Jackson et al., 2001). Rocky shore ecosystems have a high complexity in their trophic compositions and competitive interactions (Connell, 1961; Paine, 1974). Predator presence or absence not only defines intertidal zonation but also contributes to the underlying community structure (Paine, 1974; O’Connor and Donohue, 2013; O’Connor et al., 2015; White et al., 2018). Thus, the removal of one key predator such as the sea star Pisaster ochraceus can have great effects on community composition, resulting in the competitively superior prey gaining dominance and a subsequent decline in biodiversity (Paine, 1974).


BOX 1. The concept of ecological stability.

Ecological stability can be defined by the response of an ecosystem to a given perturbation and includes the ability of an ecosystem to withstand, absorb, or recover from disturbances and return to initial baseline conditions (Pimm, 1984). The response to change is multidimensional and can be broken down into the following components: withstanding the change (resistance), recovering from it (recovery success), speed of recovery (resilience), and temporal stability (measure for variability around the recovery trend) (Donohue et al., 2013; Hillebrand et al., 2018). Recovery of a system is most complete when either resistance or resilience is high (Hillebrand et al., 2018; Hillebrand and Kunze, 2020). Further differentiation between the stability of ecosystem function (processes such as the production of biomass or species cover) and composition (structure of the community—presence or absence of different species from a regional species pool) is necessary (Hillebrand et al., 2018). With a univariate understanding, we significantly underestimate the potential of disturbances to destabilize ecosystems.



Concepts such as functional redundancy, biodiversity-ecosystem functioning, and ecological memory are some of the important ecological theories developed by observing the properties of rocky shore communities, which may help to maintain stability. Despite the fact that intertidal rocky shore communities have evolved along varying environmental conditions and natural drivers, they already live very close to their tolerance limits (Deutsch et al., 2008). Under more extreme conditions, those limits might be exceeded, e.g., threshold heat tolerance can be surpassed under increasing sea surface temperatures (SST) caused by climate change. Therefore, experiencing extreme weather events and seasonal/diurnal fluctuations in addition to natural drivers might affect the ability of rocky shores to withstand disturbances and drastically alter ecosystem structure and functioning (Hughes et al., 2019). This will be further discussed in the next sections.



Anthropogenic Drivers Acting on Rocky Intertidal Systems

Intertidal rocky shores are severely threatened by climate change and other anthropogenic drivers (Figure 1B; Thompson et al., 2002; Doney et al., 2012). With the increasing intensity of anthropogenically-driven changes, rocky shore species are experiencing more intense stress at local, regional, and global scales. Impacts of various drivers such as pollution, exploitation by humans, introduction of alien species, man-made alterations to coastal geomorphological processes, and large-scale phenomena on rocky shores have been well reviewed in the past (Thompson et al., 2002; Branch et al., 2008; Mieszkowska, 2016). As global warming is an “umbrella” driver prevalent across systems (Jackson et al., 2021), we will focus specifically on climate driver impacts on rocky shore intertidal systems in this section.

Anthropogenic activities have resulted in increased atmospheric CO2 levels and a subsequent rise in air and SST (Stocker et al., 2013; Hoegh-Guldberg et al., 2018). Such increases in temperature have already led to changes in the abundance and distribution of intertidal species: it has been shown that warm water species are becoming more abundant, while those species adapted to cold water conditions are either moving poleward (Hawkins et al., 2008; Pitt et al., 2010; Wernberg et al., 2011) or contracting their ranges (Smale et al., 2017). The latitudinal shift in species distributions can vary from a few kilometers to a few hundred kilometers (Branch et al., 2008). Range shifts will lead to alterations in community composition and, therefore, may affect ecosystem structure and functioning (Hawkins et al., 2008; Mieszkowska, 2016). Helmuth et al. (2002) proposed that a poleward shift in the distribution of intertidal organisms, however, may not be a general rule. They argue rather that “hot spots” of thermally stressful conditions will lead to a set of local extinctions (Helmuth et al., 2002, 2006).

In recent years, research about extreme climatic events such as marine heatwaves (MHW) has vastly increased (e.g., Wernberg et al., 2013; Oliver et al., 2018; Holbrook et al., 2019; Smale et al., 2019). Due to climate change, the frequency and duration of MHWs is generally increasing (Oliver et al., 2018). In 2011, a warming event along the west coast of Australia caused a shift in rocky shore community structure from habitat-forming seaweeds toward a depauperate ecological state (Wernberg et al., 2013). The latest MHW on the South Island of New Zealand during the summer of 2017/2018 led to high mortality and local extinction of the iconic bull kelp, which is an important ecosystem engineer; it provides habitat and promotes biodiversity and ecosystem functioning (Thomsen et al., 2019). It is assumed that discrete extreme events now drive drastic shifts in community structure (Wernberg et al., 2013; Smale et al., 2019) due to the underlying mean warming of the oceans (Oliver, 2019). Ultimately, MHWs might be threatening the biodiversity and ecosystem functioning of marine ecosystems (Smale et al., 2019).

Ocean acidification is another result of climate change, and is a consequence of increased atmospheric CO2 dissolving in the oceans, causing a reduction in seawater pH (Harley et al., 2006). This has various impacts on calcifying species and macroalgae, particularly on their earlier life stages (Przeslawski et al., 2015). Calcifying species such as barnacles, limpets, and top-shells are most vulnerable to ocean acidification and have been affected especially during the second half of the century (Mieszkowska, 2016). However, to which extent calcifying organisms along the world’s rocky shores will be affected is still a subject of discussion. For example, the barnacles Semibalanus balanoides and Austrominius modestus can deal comparably well in acidified conditions (Findlay et al., 2009), whereas the barnacle Amphibalanus amphitrite exhibits severe reduction in shell stability (Nardone et al., 2018). Marine gastropods are assumed to be more affected in their predatory behavior and are more vulnerable to predation themselves under rising ocean acidification (Queirós et al., 2015).

Juvenile stages of marine organisms are shown to be most sensitive to changing environments (Przeslawski et al., 2015). Manríquez et al. (2016) showed that ocean acidification altered behavior and reduced metabolism and growth rates in a juvenile marine gastropod (Concholepas concholepas). Furthermore, marine larvae and eggs are assumed to be worst affected and, in some scenarios, will in some regions not reach the calcifying stage (Byrne, 2011), which would have immense consequences for subsequent generations and the distribution range of calcifying organisms.

The effects of ocean acidification on macroalgae will be complex due to the promotion of photosynthesis with increased atmospheric Co2, but an unknown effect of increased pH (Johnson et al., 2015; Mieszkowska, 2016; Cornwall et al., 2017; Zweng et al., 2018). Both the studies of Cornwall et al. (2017) and Zweng et al. (2018) have revealed a strong, positive correlation between the growth performance of macroalgae and their ability to use HCO3– as a source for photosynthesis. This ability is seemingly more strongly promoted in fleshy algae, which are not obligate calcifiers. However, the overall situation is more complex: during earlier life stages, macroalgae are likely to be more vulnerable to acidification. This would potentially negate the positive effects of increased pCO2 in the water column for later-stage fleshy algae, and even have the potential to amplify the negative effects seen in adult algae of calcifying species (Guenther et al., 2018). Furthermore, on a community level, the effects of ocean acidification are often much more complex and difficult to predict. A study by Connell et al. (2017), for example, showed that increased algal growth due to increased CO2 availability could sustain more gastropods compared to areas with lower dissolved CO2. Furthermore, ocean acidification not only impacts the benthic organisms and community structure on rocky shores, but also the overall environmental conditions (Kroeker et al., 2017). Heavy metals, for example, are assumed to dissolve better under rising pCO2 levels and, therefore, increase in their toxicity (Millero et al., 2009).

Overall, it is evident that multiple driver impacts on both single organisms and communities will further increase with ongoing climate change (Byrne, 2011; Przeslawski et al., 2015; Wong and Candolin, 2015; Mieszkowska, 2016; Kroeker et al., 2017). The response of intertidal species and community structure to anthropogenic drivers can be diverse, as described in this section. With climate change as an “umbrella” driver underlying various driver interactions, we will further explore the impacts of multiple driver interactions under climate change in the following section.



Multiple Driver Interactions Under Climate Change and Their Influence on Rocky Intertidal Systems

Under mounting human pressure, it is critical that we understand how multiple drivers may interact to further negatively impact rocky shore intertidal ecosystems (Crain et al., 2008; Piggott et al., 2015). Harley et al. (2006) noted that research on synergistic effects between climate and other anthropogenic factors is needed at the population or community level, as these additional drivers will “likely exacerbate climate-induced changes.”

The outcome of multiple-driver scenarios cannot be predicted by single-driver experiments alone due to the complexity of potential interacting effects among drivers and their physicochemical dynamics (Przeslawski et al., 2015; Gunderson et al., 2016; Boyd et al., 2018; Cimon and Cusson, 2018). Such interactions can be synergistic or antagonistic (Piggott et al., 2015; see Box 2 for a detailed description). In recent years, the study of multiple drivers has increased (Przeslawski et al., 2015; Nõges et al., 2016). Here we give an overview of recent research on the interaction of multiple drivers in intertidal rocky shore ecosystems with regard to climate change.


BOX 2. Multiple drivers—a definition.

In the multiple-driver literature, there have been various approaches for how to define a driver (Orr et al., 2020). Folt et al. (1999) proposed an operational definition of a stressor, stating that stress is a decrease in fitness or survival when compared to optimum conditions. In their observational study on multiple disturbances on a coral reef, Hughes and Connell (1999) defined multiple stressors as both “natural or man-made disturbances.” A more recent definition of a stressor by Côté et al. (2016) has a more theoretical approach, defining a stressor as a natural or anthropogenic action that causes a change in biological response, which can be either positive or negative. As the term “stressor” implies a negative impact, we use the term “driver” as proposed by Boyd and Hutchins (2012). The same driver might enhance a certain physiological response in one organism, while stressing another. In the latter case, the term stressor might still be used.

Due to the fact that all natural conditions are highly affected by human actions, we simplify “multiple drivers” as the combination of two or more impacts on an ecosystem causing a change in community composition or ecosystem functioning that can be either negative or positive (modified from Piggott et al., 2015).

There are two different types of interactions between multiple drivers (Folt et al., 1999). Interactions between drivers can be either synergistic (disproportionately increased impact), or antagonistic (decreased impact) as shown in Figure 2. The classification of interactions can be done by using two different null models. The “additive null model” (A+B) is derived by building the sum of the interactions. This null model can easily be used for continuous response variables such as growth, Chlorophyll a concentration, or shell mineralization, but can cause problems when being applied to limited response variables such as mortality (Piggott et al., 2015; Côté et al., 2016; Carrier-Belleau et al., 2021). For such variables using a “multiplicative null model” (A+B–A∗B) can correct over-estimations exceeding 100%. An antagonistic effect appears when the combined effect of two or more drivers is lower than the chosen null model based on the single drivers, whereas a synergistic effect exceeds it.

Piggott et al. (2015) enhanced this definition of a synergistic effect and emphasized the need for a directional context when defining interaction effects. Resulting interaction-type effects considering the direction of driver effects are:


•antagonistic effect: positive antagonistic, when the interaction effect of drivers is greater than the positive additive effect; or negative antagonistic, when the interaction effect of drivers is less than the negative additive effect.

•synergistic effect: positive when the driver effects are greater than the positive additive effect and negative when driver effects are less than the negative additive effect.



Thus, the response type is highly dependent on whether the interaction types have “double-positive,” “double-negative” or “opposing” effects.
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FIGURE 2. Overview of different driver interactions between two drivers. The interactions can be classified by using two different null models. The additive null model (A+B) is derived by building the sum of the interactions. A multiplicative null model (A+B–A*B) can correct over-estimations for factors such as mortality. Either of the classifications can be assigned a synergistic or antagonistic interaction of the drivers, which can act beneficial or deleterious compared to the null model. The height of bars indicates the magnitude of the response and the direction indicates a positive or negative response compared to a control (e.g., undisturbed habitat). The dashed lines indicate the magnitude of a multiplicative and additive null model, respectively.



In general, UV radiation, temperature, salinity, pH and toxins are the most researched drivers in multiple driver studies on rocky shore species (Crain et al., 2008; Przeslawski et al., 2015; Stockbridge et al., 2020). Driver combinations include often salinity, nutrients, UV, and pH, respectively, with temperature (increase). While global meta-analyses on multiple driver impacts on marine systems (Crain et al., 2008) and on early life stages (Przeslawski et al., 2015) have found mainly synergistic effects when considering two or three drivers, a recent meta-analysis of the impact of multiple drivers on seaweeds found mostly additive effects (Stockbridge et al., 2020). These apparent contrasting results emphasize that the impact of multiple drivers is not universal. Indeed, drivers can affect ecosystems at various spatial and temporal scales (Jackson et al., 2021) requiring differentiation between local and global drivers (Hawkins et al., 2017; Kéfi et al., 2019). Climate change, for example, is a global phenomenon; however, its related changes such as sea-level rise will not occur uniformly at the local level (Stachowicz et al., 2002; Hawkins et al., 2017), as it is also influenced by regional or local geomorphological features (Doney et al., 2012). The impact of multiple drivers on rocky shores differs with regard to whether they act globally, regionally, or locally (Wernberg et al., 2011). Furthermore, the influence of other drivers, such as eutrophication, is more pronounced than in many other marine systems (Thompson et al., 2002; Branch et al., 2008). A study by Strain et al. (2015) found that the reduction of local drivers, such as sediment load and nutrient concentrations, would improve the resilience of a rocky shore foundation algal species to global climate drivers, such as increasing SST and high wave exposure. Similarly, Hawkins et al. (2017) investigated the recovery of rocky shore assemblages from an oil spill in the southwest of England, and tested how this recovery was affected by climate change. They point out that even though local pollution events and habitat degradation are not the most worrying threats to marine ecosystems in times of global change, adaptive management of controllable factors such as eutrophication from agriculture and sewage will positively affect the ecological resilience to global warming over the next 40–50 years (Hawkins et al., 2017).

In climate change scenarios, coastal regions such as rocky shores will be more affected by cumulative stressors (Halpern et al., 2015), and, therefore, the ability of rocky shores to withstand multiple drivers becomes an important trait. Studies about the impact of multiple drivers on the resilience of rocky shore communities are rare. In a recent study, Cimon and Cusson (2018) applied a full factorial experimental design to test the effect of an initial short-term driver (pulse disturbance) and three following constant drivers (press disturbances) on a benthic intertidal community. Comparing grazer reduction, canopy removal and nutrient enrichment, they found synergistic effects when driver combinations included nutrient enrichment. As single driver, canopy removal had the most pronounced effect on composition and function, resulting in a changed community structure (Cimon and Cusson, 2018). They found that recovery was never achieved after introducing those three drivers. Similarly, anthropogenic drivers, such as trampling, can resemble natural drivers, such as storms, in their extent of destruction and effects on rocky shore communities (Micheli et al., 2016). Contrasting to other studies, Micheli et al. (2016) determined a synergistic rather than an additive effect of human trampling and a storm on a rocky shore community. This further emphasizes that driver interactions are not universal for similar habitats (Micheli et al., 2016), but that the effect of drivers on an ecosystem is highly context-dependent and can be driven by temporal variability within a population or community (Mrowicki et al., 2016). Moreover, species characteristics of the community such as species co-tolerance (or “stress-induced community tolerance”) to introduced drivers determines whether ecosystem function can be maintained through change (Vinebrooke et al., 2004). For example, Sampaio et al. (2018) found that the outcome of a multiple driver experiment changes in response to the order that the driver combinations (pH, MeHg, and temperature) were introduced. Hg accumulation in body tissues (i.e., the liver) in combination with elevated temperatures displayed a synergistic behavior. On the other hand, elevated CO2 concentrations (increased pH) antagonistically interacted with the Hg accumulation in the tissues and oxidative stress caused by Hg contamination, which increased temperature—this resulted in reduced levels of those variables, i.e., antagonistic behavior. The ecological impacts of climate change could therefore be “dramatically underestimated” if the interplay of multiple drivers is not considered (Przeslawski et al., 2005).

Furthermore, the difference in stressor impacts for various life forms demands research with regard to multiple anthropogenic drivers across the range of life history stages (Vye et al., 2017). The early life stages of intertidal species are crucial for the structure and function of adult populations on rocky shores and should be taken into consideration when investigating the effects of anthropogenic drivers (Connell, 1985). Different factors such as counteracting effects of other environmental factors, adaptive capacity, or genetic variability might mask or fully cancel negative influences of changing drivers for the full range of stages (Ross et al., 2011; Cole et al., 2016; Espinel-Velasco et al., 2018)., As mentioned above, there is growing evidence that early marine life stages such as eggs, larvae, and juveniles are more sensitive to environmental changes (Altamirano et al., 2003; Thiyagarajan et al., 2003; Ushakova, 2003; Espinel-Velasco et al., 2018). One study on encapsulated early life stages of rocky shore gastropods found that species inhabiting the lower shore had the highest mortality (90%) when exposed to ultraviolet radiation, water temperature stress, and salinity stress (Przeslawski et al., 2005). The effects of single drivers differed in their magnitude, with UV radiation causing the highest mortality. They further observed a synergistic effect on mortality and retardation in development when introducing multiple drivers. Similarly, a multiple-driver experiment by Ko et al. (2014) revealed a reduced larval growth rate just before the crucial phase of settlement and metamorphosis in pacific oysters, when experiencing elevated temperature as well as decreased salinity and pH. This is why it is important to consider different life stages but also the scale and space dependencies of climate change drivers when investigating multiple driver impacts on rocky shore systems, but especially when predicting the response of rocky shore species to future drivers.




CHALLENGES IN CURRENT RESEARCH ON MULTIPLE DRIVERS AFFECTING ROCKY INTERTIDAL SYSTEMS

Regardless of the studies conducted, multiple driver effects tend to be “ecological surprises” (Paine, 1974) and need to be further studied to gain a better understanding of how intertidal rocky shores will be affected in the face of climate change. Here, we provide an overview of challenges in current research in order to discuss both knowledge gaps and limitations to experiments on rocky shores. We consider various dimensions of multiple drivers with regard to their spatial and temporal dependency, upscaling from individual to community responses, and correlation with biological factors such as community structure, predation and competition.

The difficulty in finding generalizing patterns that explain how drivers might act alone and in combination is linked to the high number of environmental factors involved. Such factors can vary on a regional level (such as nutrients, sedimentation, etc., Wernberg et al., 2011), but also on smaller spatial scales. For example: pH, pCO2 and temperature levels at one rocky shore site can change multiple times over the period of 1 day (Gunderson et al., 2016). A growing body of literature is moving toward more complex experimental set-ups by including two or more drivers (Blake and Duffy, 2010; Cimon and Cusson, 2018; Kéfi et al., 2019) to better understand the interaction effects of different drivers acting simultaneously. Most of these studies focus on physical parameters; often investigating the combined effects of temperature and salinity or temperature and pH (Crain et al., 2008; Przeslawski et al., 2015; Gunderson et al., 2016). Over the past decade, with increased understanding of the mounting pressure that marine systems are facing, studies are emerging that focus on three, four, or more drivers (Bertocci et al., 2010; Przeslawski et al., 2015). The findings of such complex multiple driver studies deliver more meaningful results, as they likely better represent our natural systems, at least in terms of the quantity and identity of threats.

However, a realistic implementation of multiple drivers in experiments is not as easy and trivial as many studies have assumed it to be. The examples of tide pools and rocky shores reveal differences in temperature, CO2, and pH variations occurring during 1 day, which highlights the importance of fluctuating environments and the temporal sequence of stress events (Gunderson et al., 2016). Such fluctuations on driver levels do not only occur on small timescales. The outcome of multiple stressor introduction is therefore subject to change depending on the order in which stressors are introduced (Breitburg et al., 1998; Vinebrooke et al., 2004; Gunderson et al., 2016). If stressors are added consecutively instead of simultaneously, the response to the second stressor might change after exposure to an initial stressor because of a shift in community composition and, as a consequence, an altered sensitivity of the community (Crain et al., 2008). Moreover, certain stressors are coupled in their intensity, e.g., nutrient enrichment can enhance the effects of warming on ecosystem productivity, and their effects are density- and species-dependent (Staehr and Sand-Jensen, 2006; Brooks and Crowe, 2018; White et al., 2018). By increasing solely the mean temperature, pCO2, or pH in experiments, capturing the effect of diurnal or seasonal variability, or extreme events is not possible (Kroeker et al., 2020). There is an increasing awareness that to make reliable predictions of future climate change, we need not only the mean values of extreme events, but also their frequency, magnitude, and spatial extent (Wernberg et al., 2013; Vye et al., 2015; Stockbridge et al., 2020). This is also reflected in the rising amount of literature investigating fluctuating vs. constant driver regimes (e.g., Fong and Fong, 2018; Oliver et al., 2018). The experimental burden of such complex studies, in terms of time and resources, requires a calculated prioritization of relevant drivers in the system, as well as a realistic regime of frequency, magnitude, and sequence of the selected drivers (Crain et al., 2008; Jackson et al., 2016; Boyd et al., 2018). Although hypothesis-driven experiments with clear ecological application and context have been developed in the last decades (Hawkins et al., 2020), we still tend to over- or underestimate the impact of multiple drivers. For more realistic experimental scenarios and the design of near-natural treatments, Global Circulation Models (GCMs) can be used in combination with weather generator models assessing climate projections on a local scale (Thompson et al., 2013; Korell et al., 2020). Alternatively, “transplant” field experiments are an effective tool to account for direct and indirect effects of the environment (Hawkins et al., 2020).

Expanding the scope from an individual to a community level is a highly complex undertaking. An generalization approach was made by Queirós et al. (2015), who modeled the distribution of the marine gastropod Nucella lapillus under three IPCC scenarios. Based on the results of a lab experiment, they concluded that spatial distribution cannot be accurately predicted from single-species experiments. Harley et al. (2006) revealed that ∼60% of climate publications look at an individual level, ∼30% at a population level, and only ∼11% at a community level. In a multiple driver system, community-level recovery dynamics become more complex and less predictable. Thus, there is a need for more research at the community level. As summarized by a recent review (Jackson et al., 2021), the easiest way of upscaling from individual to community and ecosystem responses should include a consideration of species’ metabolism by e.g., using biomass-weighted sum of individual responses to one or more drivers.

Furthermore, the way multiple drivers interact is highly context-dependent. While Jackson et al. (2016) found that in freshwater systems, the net effects are antagonistic, Crain et al. (2008) found an overall synergistic effect in marine and coastal systems. Their meta-analysis indicates that a community’s response to multiple drivers depends not only on the number of drivers that are introduced to a system, but certainly their intensity as well as their sequence. By adding one single driver to a set-up and increasing the total driver number from two to three, the interaction type changed significantly. Moreover, their study revealed that the interaction type depends on the response level (community: antagonistic, population: synergistic), as well as the trophic level (autotrophs: antagonistic, heterotrophs: synergistic). Another important aspect to be considered for predicting responses at community levels are biological interactions. There are multiple inter- and intra-specific interactions such as competition, and secondary benefits such as habitat provisions from keystone species (Bertocci et al., 2010; Cimon and Cusson, 2018), that can alter the responses to multiple drivers. White et al. (2018) demonstrated in a mesocosm experimental setup that predator-species composition could mitigate the effect of warming and nutrient enrichment on marine rocky shore communities. Another study by Bertocci et al. (2010), focusing on the buffering effect of canopy-forming macroalgae while the community was exposed to other anthropogenic stressors, showed the antagonistic nature of these interactions.

Due to the interactions between physical and biological processes, organismal contributions are difficult to predict as they are not always linear (Branch et al., 2008; Bertocci et al., 2010; Kroeker et al., 2017) and are not easily reproducible under laboratory conditions. However, it is clear that biodiversity is the key to ecological resistance and recovery capacity under complex disturbance regimes (Townsend et al., 1997; Bertocci et al., 2010; White et al., 2018). Within their study on how grazer diversity affects different responses in a multiple driver mesocosm setup, Blake and Duffy (2010) revealed that 80% of measured responses were antagonistic. This contradicts the overwhelming majority of synergistic responses reported from other meta-analyses (Ban et al., 2014; Gunderson et al., 2016). Furthermore, the inclusion of the most vulnerable juvenile states, such as eggs and larvae, in studies is another crucial aspect of biological factors often overlooked by the scientific community (Przeslawski et al., 2015). In some cases, highly specialized and poorly understood life cycles of rocky shore species can hinder comprehensive predictions of community responses to multiple drivers, as only the adults are studied. A better understanding of the above biological processes is key for a grounded understanding of marine systems experiencing multiple driver impacts. With our improving knowledge, the focus of research is beginning to shift toward the community scale and toward a greater consideration of multiple biological aspects. This is a good basis for future research in the area.



OUTLOOK FOR FUTURE RESEARCH: AN INTEGRATED APPROACH INCLUDING MULTIPLE DRIVER EFFECTS

Mieszkowska et al. (2019) recently proposed a framework combining different approaches with the aim to improve the understanding of climate change impacts and subsequent species responses in coastal systems. This framework includes standardized data collection and integration of remote sensing, microclimate data, field experiments, citizen science, field surveys, and lab experiments in virtual data repositories, which then serve as a base for modeling, mapping, and managing approaches (Mieszkowska et al., 2019). However, they do not take multiple driver effects, as well as multidimensional stability into account. Throughout the review we have identified some research gaps, which may complement current frameworks if filled. Those research gaps relate to the inclusion of realistic climate change scenarios, the environmental and biological context, inclusion of multiple drivers and dimensions of stability, and adequate management approaches. Therefore, we propose to include the following aspects in further research, aiming to construct a more universal integrated approach (Figure 3).


[image: image]


FIGURE 3. An integrated approach for rocky intertidal systems, which should consider environmental context, realistic climate change scenarios, dimensions of stability and experimental design. Findings from the four areas combined can support improving management solutions toward conservation and sustainable use of rocky intertidal systems.




Environmental Context—Identification of Key Players and Drivers

Although Crain et al. (2008) studied the different interaction types among ecosystems, it is still not possible to give defined predictions on the basis of introduced drivers or geographical position. How drivers affect an ecosystem is not only dependent on their structural complexity, but also on the environmental context in terms of other abiotic physical drivers in the systems, that can vary both spatially and temporally (Kroeker et al., 2017). Therefore, a good starting point for identifying key drivers is to first identify keystone species or species of particular interest (be it based on their commercial value, vulnerability to environmental changes, or other criteria). After identifying such organisms, we propose to subsequently explore their vulnerability and investigate historical changes in their population dynamics based on prior studies and existing data bases. Combined, this will help to identify key drivers and ultimately inform experimental treatments to investigate. Furthermore, transplant experiments and the use of Global Circulation Models (the latter particularly for temperature scenarios) can be an effective tool to further identify the margins for abiotic changes (Thompson et al., 2013; Hawkins et al., 2020; Korell et al., 2020).



Realistic Climate Change Scenarios—Inclusion of Driver Fluctuations

Climate-driven increases in frequency and amplitude of extreme events will shape marine populations non-predictively (Gonzalez and Holt, 2002). Recent papers have emphasized the need for climate change experiments, which correspond to realistic temperature increase ranges that will be prevalent over the coming decades and that are informed by climate projections (Hausfather and Peters, 2020; Korell et al., 2020). For a better understanding of how rocky shores will be affected, the inclusion of both fluctuations and mean values of temperature, CO2 level, and pH in experiments is, therefore, essential (Wernberg et al., 2013). As these parameters won’t change uniformly over the globe we propose to use a combination of globalized and localized climate models in order to set realistic experimental variables for the location you want to apply your investigations to Allendorf et al. (2001) and Carrier-Belleau et al. (2021).



Experimental Design—Prioritizing Research Efforts

As mentioned throughout the review, multiple driver experiments are needed in order to disentangle individual effects (Crain et al., 2008) and for taking trophic levels into account (Seibold et al., 2018). As the multiplication of endless drivers is not feasible both in terms of complexity and resources (Boyd et al., 2018), we propose to prioritize research efforts. Relevant drivers, as well as sequences of occurrence and the identification of key players of a community may be considered in order to design feasible experiments. One possible solution to overcome both time and resource restrictions may be improved data sharing, i.e., an open data policy, as recently emphasized by Mieszkowska (2016) and Miyakawa (2020). Thereby, reproducibility of complex experiments will be secured and the reuse of data in a larger or different context promoted. At the same time, data from different case studies can be combined in order to detect global patterns, such as biodiversity change (e.g., BIOTIME, Dornelas et al., 2018).



Dimensions of Stability—Measure Functional and Compositional Responses

Considering the multiple dimensions of stability (Donohue et al., 2013) and measuring compositional and functional responses in experiments will elucidate the shifts in rocky shore assemblages under climate change (Cimon and Cusson, 2018). Because the growing body of literature shows that species richness in a system is relatively robust to changes, there is a need to measure functional diversity in a system as well (McGill et al., 2006; Hillebrand and Matthiessen, 2009; Cadotte et al., 2011). This is particularly important as a loss in functional diversity will likely be accompanied by a loss in ecosystem function (Mori et al., 2013).



Management Solutions—Adequate Predictions for Informed Decision-Making

In order to address current and emergent problems, there is a need for a better implementation of management approaches from the vast body of scientific literature. This is not only relevant for rocky shore intertidal systems, but also for other ecosystems and particularly in times of global change. Recent literature has highlighted research and management priorities for improving the current approaches to coastal and marine management, which should be considered in order to improve biodiversity conservation (e.g., Dreujou et al., 2020). In many cases, management actions will be more quickly and effectively implemented on a local level. Carrier-Belleau et al. (2021) propose management strategies on a local level in order to reduce those drivers that pose the largest potential stress for the system first, which can help to mitigate undesired effects of global change and provide a higher level of resilience. Proposed research priorities relate to the complexity of ecosystems and the importance of whole-system approaches. Holistic management approaches, therefore may support addressing multiple drivers of change and enabling the prioritization of management efforts. Ultimately, such holistic management interventions should also integrate social and economic dimensions (in addition to ecological components) to create a truly successful conservation approach (Dreujou et al., 2020).




SUMMARY AND CONCLUSION

Rocky shores are excellent model systems for understanding changes in community structure and function, and for investigating impacts of single and multiple drivers acting on them. Rocky intertidal systems are seemingly resilient to natural drivers and well adapted to frequent disturbances (Mieszkowska, 2016). A high biological diversity and a strong disturbance history often facilitate the recovery in rocky shores following a disturbance (Bernhardt and Leslie, 2013). However, even though species have evolved alongside natural drivers, extreme conditions can lead to shifts in community structure, as well as to a decreased ability to withstand changes in environmental conditions.

In this review, we have identified a number of natural and anthropogenic drivers and their interactions which may affect the natural resilience of rocky intertidal systems. We highlighted the need for a more holistic view on multiple driver impacts on rocky shores for understanding changes in community structure and ecological functioning.

We examined the current challenges facing multiple driver research in rocky shores, as multiple driver effects are still “ecological surprises,” and showed that a growing body of literature is moving toward more complex experiments with two or more drivers. However, adding a large number of drivers is not trivial. Due to the complexity of multi-driver experimental studies, there is a need to prioritize the relevant drivers in a system, as well as to realistically consider the frequency, magnitude, and sequence of selected drivers (Crain et al., 2008; Jackson et al., 2016; Boyd et al., 2018). Additionally, the biological aspects of ecosystems such as the community structure, presiding life forms, and the implementation of metabolic constrains of species should be integrated into multiple driver research to a greater extent because of their potential to alter the outcome of scenarios on rocky shore ecosystems.

Based on the literature, we therefore propose an integrated approach informing research on intertidal rocky shores that is complementary to the framework by Mieszkowska et al. (2019) and considers multiple driver effects as well as multidimensional stability in the environmental and biological context. Through data sharing, complementary research efforts can be aggregated, which will improve the ability to accurately predict rocky shore species responses to multiple driver scenarios driven by climate change, which will aid the development of suitable management and sustainability solutions.
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