

[image: image1]
Cascading impacts of a climate-driven ecosystem transition intensifies population vulnerabilities and fishery collapse












	
	TYPE Original Research
PUBLISHED 18 August 2022
DOI 10.3389/fclim.2022.908708






Cascading impacts of a climate-driven ecosystem transition intensifies population vulnerabilities and fishery collapse

Laura Rogers-Bennett1,2,3* and Cynthia A. Catton2,4


1California Department of Fish and Wildlife, Bodega Marine Laboratory, Bodega Bay, CA, United States

2Bodega Marine Laboratory, Coastal Marine Science Institute, University of California, Davis, Bodega Bay, CA, United States

3One Health Institute, University of California, Davis, Davis, CA, United States

4Washington State Department of Natural Resources, Olympia, WA, United States

[image: image2]

OPEN ACCESS

EDITED BY
Thomas Wernberg, University of Western Australia, Australia

REVIEWED BY
Keryn Gedan, George Washington University, United States
 Robert V. Rohli, Louisiana State University, United States
 Jose M. Farina, Pontificia Universidad Católica de Chile, Chile

*CORRESPONDENCE
 Laura Rogers-Bennett, rogersbennett@ucdavis.edu

SPECIALTY SECTION
 This article was submitted to Climate, Ecology and People, a section of the journal Frontiers in Climate

RECEIVED 30 March 2022
 ACCEPTED 25 July 2022
 PUBLISHED 18 August 2022

CITATION
 Rogers-Bennett L and Catton CA (2022) Cascading impacts of a climate-driven ecosystem transition intensifies population vulnerabilities and fishery collapse. Front. Clim. 4:908708. doi: 10.3389/fclim.2022.908708

COPYRIGHT
 © 2022 Rogers-Bennett and Catton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



The recent large-scale intensification of marine heatwaves, and other climate-related stressors, has dramatically impacted biogenic habitats around the globe, including marine ecosystems such as coral reefs, seagrasses, and kelp forests. While the impacts to foundation species may be of particular concern, these ecological catastrophes underscore the need to examine how whole systems respond to a suite of stressors. The recent climate-driven collapse of the bull kelp forest and recreational red abalone fishery in northern California provides an example of unanticipated ripple and lagged effects in the system, intensifying vulnerabilities and accelerating population and fishery collapse. For this case study, we examined 15 years (2003–2018) of biological survey data on the bull kelp forest ecosystem—before, during, and after an extreme climate event. We document the interactions and complexity of impacts over time, as well as the resulting increased vulnerability of red abalone to additional anthropogenic, biological, and environmental stressors. We observed progressively stronger population-level responses of the red abalone to the marine heatwave and the regional loss of kelp, driving the movement of adults and juveniles in search of food. As food remained scarce, we documented the loss of productivity with diminished gonad and body condition, the absence of larval or newly-settled abalone, mass mortalities, and shoreward shifts in depth distributions. With 40% of the population dead or dying, juvenile and trophy-sized abalone abandoning cryptic habitats, the shift in the distribution to shallower depths increased the vulnerability of red abalone to the fishery. Other anthropogenic, biological, and climate-related stressors that disproportionately impact shallow habitats are now a growing concern for the survivors. For red abalone, previously unanticipated cascading risks include increased wave energy, warming air temperatures, freshwater flooding, landslides, as well as possible oil spills and harmful algal blooms. Climate-driven changes in vulnerability to fishing and environmental stressors present significant challenges for sustainable natural resource management in dynamic stressed systems, and underscore the need for continued system-focused monitoring. We present a conceptual framework supporting similar ecosystem investigations of recent and future climate impacts to inform adaptive ecosystem-based management strategies.
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Introduction

Climate change is dramatically shifting terrestrial and aquatic ecosystems (Scheffer et al., 2001), and these shifts are intensifying and creating novel stressors for populations. Many biological ecosystems are changing rapidly in dynamic, non-linear ways in response to stochastic environmental fluctuations with devastating consequences (Hsieh et al., 2005). Major perturbations of routine stochastic fluctuations are leading to trophic cascades, regime shifts/transitions (Biggs et al., 2015), ecological transformations (Schuurman et al., 2021), or even ecosystem collapse (Newbold et al., 2020), which can occur without warning (Hastings and Wysham, 2010), and may be difficult or infeasible to reverse (May, 1977; Scheffer et al., 2001). Examples of climate change driving major ecosystem disruptions or collapse have been documented in terrestrial forests (Ellison et al., 2005; Jönsson and Bärring, 2011; Mitton and Ferrenberg, 2012) as well as marine systems (Mumby et al., 2007), including nearshore kelp forests (Ling et al., 2015; Rogers-Bennett and Catton, 2019), and pelagic ecosystems (Kirby et al., 2009). Geographic shifts in the distribution of fisheries have also been documented (Perry et al., 2005). In warm years, the walleye Pollock and Pacific cod moved north, biasing stock assessment surveys from southern regions (Stevenson and Lauth, 2019), and necessitating the addition of environmental covariates to improve estimates of biomass (O'Leary et al., 2020). Such range shifts may result in altered ecosystem dynamics, fishery interactions and vulnerabilities, and fluctuations in environmental conditions.

When foundation species collapse (Dayton, 1972), there are broad ramifications for biodiversity (Hawkins et al., 2009; Hooper et al., 2012; Fraser et al., 2014), productivity, and ecosystem services (Parmesan et al., 2000). However, critical thresholds, vulnerabilities, synergies and novel stressors created by climate-driven impacts to populations and ecosystems are still poorly understood (Graham et al., 2003; Newbold et al., 2020). Predicting and managing transitions toward novel ecosystems in an area, and the potential biodiversity and productivity loss, is a particular challenge for natural resource managers (Keith, 2015).

There is a need to improve our understanding of both the impacts of climate change and what management actions may be beneficial for complex social-ecological systems (Pinsky and Mantua, 2014). Climate-ready or -resilient strategies will need to be developed to effectively prepare for and adapt to changing conditions. However, the challenge has been to understand interactions, which impacts to anticipate, on what timeframes, and over which spatial scales (Cassotta et al., 2022). These goals are further complicated by the effects of concurrent and interacting stressors, including anthropogenic, biological, and climate stressors. Cascading impacts and risks to ecosystems (Rocha et al., 2018) may accelerate the collapse of natural resources that are the foundations of societal cultures and economies.

In this paper, we present a conceptual framework (Figure 1A) for investigating and developing adaptive management strategies, to address these cascading risks of climate-driven ecosystem impacts. Investigating case studies of ecosystems that are sensitive to climate change will be the key to developing ecosystem-based conceptual models to inform management (Biggs et al., 2015). To illustrate an approach, we develop a model for the red abalone fishery in northern California following the 2014–2016 Marine Heatwave (MHW) (Primary Climate Stressor), and the resulting transition of the kelp forest ecosystem to an urchin barren (System Response). We assess multiple impacts to the abalone population (Resource Impacts), including abalone health and reproduction, shifts in habitat utilization patterns, population density, and mortality. Additional Stressors are identified that may interact with the impact to the abalone, and accelerate population and fishery collapse. The ramifications of mass mortalities, reductions in productivity and increased vulnerability to fishing and other stressors are discussed as an example of the challenges of fishery management in a warming ocean (Figure 1B). Additional potential Adaptive Management approaches are discussed, as outlined in the conceptual framework.


[image: Figure 1]
FIGURE 1
 (A) Conceptual Framework for investigating cascading risks of climate change. (B) Conceptual Framework: Abalone case study (with details of “Resource Impact” and “Additional Stressors” explored in the manuscript).



Red abalone case study

Ocean warming is disproportionately impacting nearshore ecosystems (Barry et al., 1995; Thompson et al., 2002; Frölicher and Laufkötter, 2018), and MHW are increasing in both frequency and intensity now and into the future (Meehl and Tebaldi, 2004; Oliver, 2019). Gradual ocean warming (Hoegh-Guldberg et al., 2014) and episodic MHW impacts (Hobday et al., 2016) are leading to declines in the organisms that structure coral reefs (Hughes et al., 2017), seagrass meadows (Orth et al., 2006; Marbà and Duarte, 2010; Fraser et al., 2014), and kelp forest communities (Wernberg et al., 2013; Miller et al., 2018; Thomsen et al., 2019; Smale, 2020). These declines have resulted in dramatic decreases in biodiversity, population declines, and unprecedented decreases in ecosystem productivity, obfuscating resource management (Mills et al., 2013; Pershing et al., 2015). Further complicating management are interactions (synergies) between ocean warming and other stressors in complex and unexpected ways (Harley and Rogers-Bennett, 2004; Harley et al., 2006). These interactions are creating an intensification of climate-driven ecosystem declines, such as declines in salt marshes due to crab overgrazing exacerbated by sea level rise, which further softens the marshes and increases the vulnerability to crab overgrazing (Crotty et al., 2017). Ocean warming may unexpectedly magnify fishing pressures, heightening vulnerabilities and confounding management strategies (Bennett et al., 2004; Harley and Rogers-Bennett, 2004; Caputi et al., 2016). Therefore, it is imperative that we understand how climate change impacts resources directly and indirectly, interacts to magnify stressors, or creates novel stressors so that we can anticipate outcomes and craft adaptive climate-resilient management strategies.

Nearshore kelp forest ecosystems, and the fishery resources they support, are particularly vulnerable to ocean warming (Smale and Wernberg, 2013; Wernberg et al., 2016; Arafeh-Dalmau et al., 2019; Smale et al., 2019), making them model systems for examining non-linearity and unexpected consequences of climate change. Kelps are foundation or engineering species (Jones et al., 1994, 1997) that structure nearshore temperate kelp forests, and their loss (Coleman and Williams, 2002) can result in devastating ecosystem/regime shifts. Bull kelp, Nereocystis luetkeana, is an annual species requiring cool (<13C) nitrate-rich waters (Gerard, 1982; García-Reyes and Largier, 2010) growing >20m in the spring, and forming the lush species-rich kelp forest canopies in northern California. Cool water is also required for abalone (Haliotis spp.) health, growth, and reproduction (Vilchis et al., 2005; Rogers-Bennett et al., 2010), while warm water plus infection can trigger disease symptoms (Friedman et al., 1997; Moore et al., 2000), reproductive failure (Helmuth et al., 2006), cessation of growth (Rogers-Bennett et al., 2007), and mass mortality (Rogers-Bennett et al., 2019). As such, kelp forest ecosystems, and the abalone fisheries they support, have been particularly hard hit during MHWs around the world, leading to ecosystem shifts from kelp forests to sea urchin barrens (Johnson et al., 2011; Ling et al., 2015).

The historically-productive kelp forests in northern California (San Francisco to the Oregon border) were impacted by a series of MHWs from 2014 to 2016, including the NE Pacific MHW originating in the Bering Sea, Alaska (2014–2015) (Di Lorenzo and Mantua, 2016) and El Niño conditions (2015–2016) (Sanford et al., 2019). Thermal stress and nutrient limitation suppressed growth and spore production of the bull kelp during the summer of 2014 throughout the region (Rogers-Bennett and Catton, 2019; McPherson et al., 2021). Persistent warm-water conditions, combined with increases in sea urchin populations, led to the long-term collapse of the kelp forest ecosystem and the recreational red abalone fishery.

The recreational red abalone fishery had been the largest in the world averaging >300 MT per year (2002–2013), worth $44M (Reid et al., 2016) until its closure in 2018. Abalone landings, estimates of density and management measures were largely stable over time prior to the ecosystem transition/shift (Kashiwada and Taniguchi, 2007). The fishery was closely-managed using density surveys to guide management, which included a combination of strategies; size limits, protected areas, seasons, bag limits, as well as breath-hold diving only. The prohibition of scuba protected ~30% of the population in a deep water (<9 m) de facto reserve (Karpov et al., 1998). An estimated additional 7% of the stock was in abalone no-take marine protected areas. Reductions in the fishery take regulations were initiated in 2014 at the onset of the MHW due to prior impacts of a harmful algal bloom in the southern half of the fishery (Rogers-Bennett et al., 2012, 2019). Additional regulatory reductions were implemented in 2017 and the fishery was closed in 2018, due to ongoing severe starvation conditions and increased abalone mortalities.




Materials and methods


Bull kelp forest ecosystem monitoring

Kelp communities in northern California (San Francisco to the Oregon border) are on rocky reefs dominated by bull kelp, Nereocystis luetkeana. The understory is composed of short fleshy red and crustose coralline algae as well as subcanopy kelps, such as Pterygophora and Laminaria. These subtidal rocky reefs in northern California support a diverse assemblage of macroalgae and marine invertebrates. We investigated the changes to the red abalone population in northern California from 2003 to 2007 (baseline time period), 2014 to 2016 (early years of kelp forest collapse), and 2017 to 2018 (mass abalone mortality).

The bull kelp forest monitoring program, jointly led by the California Department of Fish and Wildlife and the University of California, Davis, has conducted subtidal nearshore surveys in northern California since 1999 (Rogers-Bennett and Catton, 2019). These surveys focus primarily on key abalone fishery sites, as well as Marine Protected Areas (MPA), in Sonoma and Mendocino counties in northern California. The coastline of these two counties was historically dominated by dense species-rich bull kelp (Nereocystis luetkeana) forests which supplied 96% of the historic catch in the recreational abalone fishery in northern California. Four sites in Sonoma County were surveyed regularly, including (from south to north): Fort Ross, Ocean Cove, Timber Cove, and Salt Point. In Mendocino County, five sites were surveyed regularly: Point Arena, Van Damme, Point Cabrillo (no-take reserve), Caspar Cove, and Todds Point (Figure 2). Surveys were conducted on subtidal rocky reefs by teams of scuba divers.
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FIGURE 2
 Scuba fishery index sites and *Marine Protected Area in northern California. The thick black coastline in the California inset map indicates the area dominated by bull kelp (San Francisco to the Oregon border).


A total of 25–55 transects were surveyed at each site, in areas with >50% rocky reef habitat. Each of the survey sites represented 2.4–3.2 km of coastline, extending to 18.2 m depth. Surveys were stratified by four depth zones. Depths included two shallow depth strata from 0 to 4.6 m (A) and from 4.7 to 9.1 m (B) as well as two deeper depths from 9.2 to 13.7 m (C) and 13.8 to 18.2 m (D). At each depth stratum, transects were randomly distributed, and divers enumerated abalone, and their size was recorded along the longest axis of the shell to the nearest mm using calipers. The surveys were non-invasive such that large boulders were not turned over to look for organisms.

Red abalone density estimates were made by averaging the densities of abalone counted in 30 × 2 m transects within each of the four depth strata and then calculating the average density across sites for a given depth stratum. The error bars represent standard error of the means. In 2017 and 2018, divers counted abalone as live, freshly dead (detached from the reef, and unresponsive), dying (detached from the reef, but somewhat responsive), and empty red abalone shells. In 2017, all nine sites were re-surveyed to record mortalities, and to assess the overall density decline from baseline. In 2018, six fishery sites were re-surveyed in order to assess continued mortality impacts.



Depth distribution analysis

Previous research has shown that red abalone are more abundant in the shallower depth strata, and that a minimum density of 0.2 abalone m−2 is an important reference point (MSD—minimum spawning density) for abalone population productivity (Karpov et al., 2000; Button, 2008). Because the red abalone fishery regulations were designed to protect a productive population beyond typical freediving depths (>9 m), a logistic regression was used to investigate shifts in the depth distribution of the red abalone with respect to the MSD reference point. Inputs to the generalized linear model in R were median transect Depth (D), Time period (T), and Site (S). A binomial MSD score (1 = transect density above MSD; 0 = below MSD) was input as the dependent variable. The Akaike Information Criterion (AIC) values of seven candidate models with increasing complexity were compared and weights calculated for each (Burnham and Anderson, 2002, 2004) (Supplementary Table S1). For each site and time period, the probability of transect densities greater than MSD was calculated for 9 m depth (shallowest depth of the intended depth refuge for the fishery).



Red abalone fishery trophies

An elite group of recreational abalone fishers is the trophy hunters, with expertise in catching the largest abalone. These divers and rock pickers measure their catch and keep meticulous records of size and date captured. Data for these record large abalone include: rank by size, abalone size, county where the abalone was taken, fisher's name, and capture date. Data from the largest red abalone are maintained on the California Department of Fish and Wildlife website of fishing records. The 20 largest abalone ever taken in the fishery are ranked on this unofficial list of record-breaking abalone. The largest red abalone ever taken in the fishery (313.4 mm) is recorded on this list and this is also the largest abalone in the world. These records have been collected for 34 years beginning in 1984. However, no abalone shells larger than these records have come forward from prior years. The length of the abalone is measured along the longest dimension of the shell and all of the record breaking red abalone are >288 mm. The procedure for submitting and verifying abalone for this list is shown here https://www.wildlife.ca.gov/fishing/records.

Note: in some cases there are more than one abalone of the same rank and size.

https://wildlife.ca.gov/Conservation/Marine/Invertebrates/Abalone#321561191-abalone-and-general-invertebrate-information.



Abalone health and reproduction

Abalone surveys were conducted at multiple sites throughout the fishery in Sonoma and Mendocino counties during spring low tides. Sites included (from south to north) in Sonoma County: Fort Ross, Salt Point, Sea Ranch; in Mendocino County: Moat Creek, Point Arena, Van Damme, South Coast Trail, Glass Beach, MacKerricher; and Hardy Creek. Van Damme was the most important fishery site and had the highest catches in the last years of the fishery (2014–2017). Data collected included the counts and lengths of abalone caught per fisher (rock-pickers and freedivers), as well as notes on any observations of abalone with a shrunken foot muscle (a symptom of starvation). In 2016 and 2017, samplers recorded a shrinkage score for all observed abalone at 10 sites in Sonoma and Mendocino counties due to strong concern over the potential impacts of starvation on the health of the abalone stock. The shrinkage score ranged from 0 (no shrinkage) to 3 (severe shrinkage), using a photographic guide to the visual scoring that is also used to assess shrinkage due to Withering Syndrome in abalone (Figure 3) (ranking developed by J. Moore). The disease agent for Withering Syndrome, which starves the abalone of nutrients due to a microbial infection in the gut, was not detected in any abalone in the study region (J. Moore pers. comm.). The abalone taken in the fishery were typically the largest and highest quality that the divers encountered, since the daily limit was three abalone.
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FIGURE 3
 Abalone body shrinkage scores (0–3; increasing in shrinkage from no shrinkage 0 on the left to right severe shrinkage).


The relationships between the visual shrinkage score and other indices of abalone body condition and gonad development were assessed for legal-sized (>178 mm length) wild abalone samples from Van Damme State Park (2000–2009, 2016–2017) (see Methods in (Rogers-Bennett et al., 2021). All abalone sampled prior to 2016 were assigned a shrinkage score of zero because only visually healthy individuals were encountered in the surveys. By 2016–2017, some shrunken individuals were showing up in the fishery and so all sampled abalone were assigned a visual shrinkage score. Rogers-Bennett et al. (2021) reported gender-specific median body condition and gonad index values for abalone during the baseline period, and during 2016–2017. The median baseline body condition index was 0.136 for females and 0.153 for males. The median baseline gonad index was 292 for females and 194 for males. In 2016–2017, the gender difference was not significant, so the analysis of the body condition and gonad indices relative to the shrinkage score used all available data. A Kruskal-Wallis test was used to test for differences in body condition and gonad index across shrinkage scores recorded in 2016–2017.

The growing edges of the shells were also examined in a subset of the catch. In normal years at the growing margin of the shell there is a distinct band of red shell where new shell is deposited.



Larval and newly-settled abalone

To assess the recent evidence of abalone productivity in the area, larval and newly-settled abalone surveys were conducted from 2007 to 2018. Surveys were a snapshot in time conducted once per year (Rogers-Bennett et al., 2016). Plankton tows for abalone larvae were conducted in shallow 10–15 m (n = 3) and deep water 33–40 m (n = 3) habitats at Van Damme State Park in August. All abalone larvae observed in the plankton samples were of the size indicating that they were spawned within the previous 2 weeks. Samples were sorted under the microscope looking for larval abalone which were roughly 280 μm in length (see Section Methods in Rogers-Bennett et al., 2016). To quantify the number of newly settled abalone (<1 mm) on crustose coralline cobbles, cobbles (n = 80) were collected also at Van Damme State Park in August each year. Cobbles were collected by divers from a range of depths, rinsed, and the contents of the samples were sorted under a microscope looking for newly settled abalone (see Section Methods in Rogers-Bennett et al., 2016). All newly settled abalone <1 mm in shell length were enumerated.




Results

The impacts of the kelp forest collapse on the red abalone population following the onset of the MHW in 2014 progressively increased over time. We describe the results of the abalone surveys and abalone sampling efforts according to the sequence of observed impacts to the population.


Emergence of small and trophy size abalone (2014–2016)

The lengths of 3,348 red abalone were measured during subtidal scuba surveys during the early years of the kelp forest collapse (2014–2016) at six of the fishery index sites (Supplementary Table S2). A total of 6,496 red abalone were measured at those same sites during the baseline time period (2003–2007). A two-sample Kolmogorov Smirnov test showed that the two distributions were significantly different (D = 0.15954; p < <0.0001) (Figure 4). During the early years of the kelp forest collapse (2014–2016), a higher proportion of sub-legal abalone (<150 mm length), and three of the largest abalone ever observed (277, 285, and 296 mm length) during the surveys were recorded. Sub-legal abalone usually hide under rocks and in crevices in the rocky reef so they are typically less detectable than larger individuals. Likewise, trophy-sized abalone (>250 mm) were historically very rare to observe during the surveys. The red abalone that were observed during the kelp forest collapse were actively out of crevices searching for food and moving on rocky reef surfaces (personal observation). This unusual behavior could be contributing to the broader distribution of abalone lengths recorded during starvation and kelp forest collapse.


[image: Figure 4]
FIGURE 4
 Size frequency distribution comparing abalone sizes in baseline years (2003–2007) with abundant kelp forest with abalone sizes after the kelp forest collapsed (2014–2016).




Fishery trophy records (2014–2016)

During the MHW (from 2014 to 2016), in just 3 out of a total of 34 years, 30% of the largest 20 record breaking red abalone (ranging in size from 295.0 to 289.0 mm) were captured in the fishery. One abalone was taken in 2014, two abalone in 2015 and then three record size red abalone were taken in 2016. The fishery was closed in 2018. In contrast, no record size abalone were taken in the previous decade in the fishery from 1998 to 2010. This large number of record size abalone were taken even though both catch and effort were lower in the MHW years (CDFW unpublished data). The largest abalone ever taken in the fishery was 313.4 mm and it was taken the year following a strong warm water El Niño event in 1993.



Body condition and gonad index (2016–2017)

Shrinkage scores were recorded for 11,818 red abalone at 9 fishery sites in 2016 (n = 5,108) and 10 fishery sites in 2017 (n = 6,710) (Supplementary Table S3). Visible body shrinkage was extensive across all of the fishery sites sampled. Shrunken abalone comprised 8–54% of the observations at a site (Figures 5A,B; Supplementary Table S3), with an average of 30 and 26% shrunken across all of the sites in 2016 and 2017, respectively. The highest percentage of shrunken abalone was observed at Fort Ross in 2017. Most of the shrunken abalone were scored with the first level of shrinkage (1: 17–21% average). One percent of the observed abalone were scored as severely shrunken (3). By the 2017 fishing season, fishers often shared how they looked for healthy abalone and avoided obviously shrunken abalone before selecting it for harvest. Divers observed abalone shells resting directly on the rocky reef where they resembled empty shells rather than being able to see the shell above the surface of the rock raised up by the thick mass of the abalone's healthy body. Divers noted that the shrunken abalone were weak as they were easily able to pick up by hand rather than prying the animal off the rock with an abalone iron. Further, healthy red abalone that are growing in size have a bright red shell margin which was absent in the vast majority of abalone examined during the body condition sampling in 2016–2017.


[image: Figure 5]
FIGURE 5
 (A) Red abalone shrinkage score distribution at 9 creel survey sites in 2016. See Supplementary Table S2 for summary results. (B) Red abalone shrinkage score distribution at 11 creel survey sites in 2017. See Supplementary Table S2 for summary results.


Abalone sampled at Van Damme State Park in 2016 (n = 57) and 2017 (n = 64) were unevenly distributed across shrinkage scores (n0 = 34; n1 = 60; n2 = 21; n3 = 6). Median body condition index (BCI) and gonad index (GI) values decreased as the shrinkage score increased in severity (Figure 6). Kruskal-Wallis tests of the BCI (Chi2 = 38.997, df = 3, p < <0.0001) and the GI (Chi2 = 20.65, df = 3, p = 0.0001) both indicated significant differences across shrinkage score categories. The median BCI and GI was lower in 2016–2017 than the baseline index values (BCIbaseline = 0.136–0.153; GIbaseline = 194–394), regardless of shrinkage score (BCI0 = 0.121; BCI1 = 0.103; BCI2 = 0.086; BCI3 = 0.064; GI0 = 50.8; GI1 = 25.1; GI2 = 15.1; GI3 = 0). The low gonad index scores were associated with low numbers of eggs and few gonad with mature sperm present in histological samples of the gonad tissue (Rogers-Bennett et al., 2021).


[image: Figure 6]
FIGURE 6
 Boxplots of body condition index (left) and gonad index (right) by shrinkage score in 2016 and 2017 from Van Damme State Park (males and females combined). Baseline Body Index (2000–2009) = 0.144 (se = 0.001) Baseline Gonad Index (2000–2009) = 507 (se = 80.8).




Larval and newly-settled abalone (2014–2018)

Abalone productivity as seen by the production of abalone larvae and newly settled abalone was low during and after the MHW years (Figure 7). Prior to the warm water years larval abundance was patchy but in half the years larvae were seen in plankton tows conducted at Van Damme State Park in August from 2007 to 2012 (Rogers-Bennett et al., 2016). In 2013 and 2016, red abalone larvae were present in the plankton tows, but during the years encompassing the MHW (2014–2016) and the years that followed 2017–2019, no abalone larvae were encountered. Newly settled abalone were found on crustose coralline covered rocks from 2007 to 2013 (with the exception of 2012) (Rogers-Bennett et al., 2016). In 2014–2019, no newly-settled abalone were encountered on any of the rocks, although Hart et al. (2020) encountered some further south in kelp forests in the Monterey area during those years.


[image: Figure 7]
FIGURE 7
 (Top) Number of larval abalone found in 6 plankton tows in August of each year at sites in northern California. (Bottom) The number of newly settled abalone found on crustose coralline covered rocks (N = 80) in August of each year at sites in northern California.




Mass mortality (2017–2018)

In 2017 and 2018, 36,240 m2 of subtidal rocky reef habitat were surveyed, and 5,493 live red abalone and 3,597 dead abalone (dead, dying, or empty shells) were quantified across all sites in both years (Table 1). The percentage of observed abalone that were dead at a site ranged from 22 to 84%, with the highest percentage reported at Caspar Cove in both 2017 (67%) and 2018 (84%). The percentage dead increased in 2018 at nearly all re-surveyed sites, with Fort Ross jumping from 23% in 2017 to 73% in 2018. The mortalities were also observed at the Point Cabrillo State Marine Reserve in 2017 (22%).


TABLE 1 Summary of red abalone mortality observations on subtidal surveys in 2017 and 2018.

[image: Table 1]



Depth distribution shift (2017)

Red abalone densities declined dramatically by 2017 due to mass mortalities (see Mass Mortality above) in all depths. Historically, subtidal abalone population densities were high (0.24–1.01 abalone m−2) during the years before the MHW and subsequent mass mortalities (Rogers-Bennett and Catton, 2019). Abalone population densities were also differentially impacted by depth, such that the three shallowest strata [A-C (<13.8 m depth)] experienced > 70% declines in density, and the deepest stratum experienced ~40% density decline overall (Figure 8). Although the historical pattern of higher densities in shallower habitats remained, the average density in the shallowest depth stratum [A (<4.9 m depth): 0.30 abalone m−2] was the only one above the MSD reference point of 0.20 abalone m−2.


[image: Figure 8]
FIGURE 8
 Comparison of average transect density across time periods, by depth stratum (shallow to deep) at the eight fishery index sites. Depth strata: (A) 0–4.6 m, (B) 4.7–9.1 m, (C) 9.2–13.7 m, (D) 13.8–18.2 m. Black dashed line represents the minimum spawning density (MSD) reference point used in the depth distribution analysis. “MME” is Mass Mortality Event.


The best fit models for estimating the probability of transect densities greater than MSD include all three factors (Depth, Time Period, and Site) and an interaction term (Table 2), indicating that the relationship between depth and the MSD probability differed across site and time period. During the baseline time period, the probability of densities >MSD was high (0.98 average) in the shallow depths, gradually decreasing from 0.9 probability in depths >3.5–7.0 m toward <0.1 in depths >15 m, depending on the site. The probability of densities >MSD at 9 m depth (the fishery refuge depth) ranged between 0.56 and 0.83 across the sites (average 0.71).


TABLE 2 Summary results of logistic regression model results.

[image: Table 2]

In 2017, the probability of densities >MSD in the shallowest depths were substantially reduced from baseline, and were highly variable across the sites (0.45–0.91; 0.72 average). The probabilities further declined with increased depth, such that the average probability of densities >MSD at 9 m depth averaged 0.14 (range: 0.05–0.29). Those estimated probabilities in 2017 are 0.51–0.67 lower than baseline estimates.




Discussion


Red abalone impacts

The progressive impacts on the abalone population (Resource Impacts) of the MHW (Primary Climate Stressor) and the kelp forest collapse (System Response) are outlined in the Conceptual Model case study detail in Figure 9. As a result of the Resource Impacts, a series of unanticipated anthropogenic, biological, and environmental stressors are identified that the population may be more vulnerable to in the impacted state (Table 3).


[image: Figure 9]
FIGURE 9
 Conceptual Model (details of “resource impact” and “additional stressors” explored)—Abalone Example Interaction of additional stressors with consequences of MHW bold outline = unanticipated impacts.



TABLE 3 Conceptual model—detail of red abalone vulnerability to additional stressors.

[image: Table 3]

In this red abalone case study, the impacts were cumulative and became increasingly more severe over time. Three of the impacts were expected, once food became extremely limited for abalone, and proceeded to occur in a predictable order based on previous research—low productivity, poor body condition, and mortality (Vilchis et al., 2005; Rogers-Bennett et al., 2010). Low quality or insufficient food availability reduces available energy for producing gametes. If low food conditions persist for an extended period, the abalone will cease to add new shell, which was observed in this case study as the absence of a bright red growing lip on the anterior margin of the shell. Prolonged starvation leads to poor body condition, and results in the weakening and shrinking of the foot muscle. The foot muscle is critical for adhesion, protecting the abalone from being dislodged by predators or large waves, and is used to capture drift algae for feeding. By the spring of 2016, visibly shrunken abalone were widely observed throughout the region (Figure 5), which corresponded to significantly reduced gonad and body condition (Figure 6). In the fall of 2016, freshly dead or dying abalone began to wash onto the shore in large numbers. Mortalities substantially increased in 2017 and 2018, as 40% of the abalone observed succumbed to the starvation conditions. Many abalone were seen upside down on the reef, having failed to adhere to the rock, and were vulnerable to predators and scavengers (Table 1).

The duration, geographic scale, and severity of these impacts were devastating to the productivity and recovery potential of the red abalone population in the region. The high mortality rates resulted in substantial declines in population densities throughout the depth ranges, across all of the sites (including inside a Marine Protected Area). Because abalone are broadcast-spawning and sedentary species, population densities need to be sufficiently high for successful fertilization to occur (Babcock and Keesing, 1999; Button, 2008). However, gamete production had also been severely impacted after 2015, and laboratory studies have shown that recovery from starvation may require more than a year for gamete production to resume, even with constant access to food (S. Boles, personal communication). Population recovery through natural reproduction and growth will take many years to decades to achieve even after the kelp forest may be restored, due to the ongoing declines in population densities below Minimum Spawning Density, and the recovery time needed for gamete production, and growth through early life history to maturity ~12 years (Rogers-Bennett et al., 2007).

Two additional impacts to the red abalone population were unanticipated—the emergence of size classes and the shift in the depth distribution to shallow habitats—both of which made the population more vulnerable to fishing (Table 3). These impacts were both driven, in part, by changes in abalone behavior in response to prolonged food limitation. Divers often noted that the abalone observed during the transect surveys were actively moving along the reef, presumably in search of food. This behavior is extremely unusual for abalone during the day, as they are usually sedentary or hidden in crevices. The emergence of sublegal and trophy-sized abalone increased the vulnerability of those size classes to predation and fishing. Thirty percent of the 34-year record of trophy-fished abalone were recorded since the onset of the MHW in 2014, suggesting that the MHW and kelp forest collapse increased the vulnerability of trophy-sized abalone to fishing.

This increased abalone mobility resulted in a shift in the depth distribution toward the intertidal, where a narrow band of fleshy algae persisted. Recreational abalone fishers frequently remarked on how many abalone they encountered high in the intertidal, and that the abalone were sometimes stacked on top of each other. These observations created a misleading impression that the abalone population was more abundant than in the past because they were in such high numbers where they were tidally-accessible. Many fishers did not believe the red abalone population was undergoing a mass mortality event since they saw more abalone in the shallowest habitats, further impeding fishery management efforts to protect the surviving stock.



Cascading risks and vulnerabilities

With each new impact to the abalone, the number and types of additional stressor vulnerabilities also increased. Many of the stressors listed in Table 3 had not been previously identified as high risks to red abalone population viability. Oil spills and increased flooding were considered to have only localized and infrequent impacts to the population, because abalone were previously distributed beyond (deeper than) the areas at risk. Severe wildfires in the region, such as the Tubbs Fire (2017) and the Glass Fire (2020) intensified stressors associated with flooding, such as high sediment loads from landslides and toxic pollutants from burned structures. Following a major freshwater flooding event in February 2019, abalone near river mouths were observed dead and washed up on the beaches.

Increased storm wave energy (Young et al., 2011), harmful algal blooms (Rogers-Bennett et al., 2012), and warming air temperatures have also been a growing concern as climate stressors that would have previously not had major impacts on subtidal abalone populations (Table 3). The wave energy from winter storms dislodged weakened abalone from the shallow rocky reefs and washed them onto local beaches in large numbers. Wave height data from the Coastal Data Information Program from the buoy at Cape Mendocino (station 094) for the years 1999–2021 showed that wave heights infrequently exceeded 9 m prior to 2015. During the MHW, and in subsequent years of the ongoing kelp forest collapse and mass abalone mortalities, anomalously large winter waves continued to impact the northern California shores. In November 2019, wave heights exceeded 12 m, the largest recorded waves in the record. These observations are consistent with the prediction that climate stressors are increasing in intensity and frequency, even as the fishery resources may be becoming more vulnerable to those and other stressors. As the depth distribution of the abalone population shifted dramatically up the shore, and the deep water population became scarce, these climate-related stressors pose greater risks to the overall population viability.



Adaptive management

As illustrated in the conceptual framework (Figure 1A), the goal of adaptive management will be to detect and respond to the Primary Climate Stressor(s), the System Response, and/or the Additional Stressors. For the abalone case study, the initial management response was focused solely on reducing the additional stressor associated with fishing pressure. In 2017 the fishing limits were reduced, and the following year the fishery was closed in 2018, due to ongoing mass mortalities and severe declines in population density (Rogers-Bennett et al., 2019) (Figure 1B). These decisions were informed by increased research efforts of the abalone and the ecosystem, starting in 2015. There was resistance from a small portion of the fishers who observed increased numbers of abalone in the very shallow waters, however most divers saw the massive large-scale mortality impacts. Given that major population-level impacts can arise in a short amount of time, the challenge to natural resource management will be to monitor the resource, and quickly impose restraints to extraction on environmentally-stressed populations. Adaptive management to the Primary Climate Stressor(s) must include both mitigation and adaptation strategies, to dampen or reverse the increasing trend in global temperature. Protecting existing kelp forests, and many other vulnerable foundational species (e.g., seagrasses and terrestrial forests), is critically important to maintain biodiversity and carbon sequestration.

Despite precautionary management, a fishery management plan in action, and management regulations in place to protect a portion of the stock (e.g., minimum legal size limit, breath-hold diving, and MPAs), large-scale starvation conditions undermined those productivity protection and management measures. Gonad index values <30% of baseline, and the absence of larval and newly-settled abalone in surveys, signaled a potential problem with fishery recruitment in the future. The shift in the depth distribution, and high mortalities even in Marine Protected Areas, signaled the loss of the reserve populations as sources of productivity for the fishery. With ongoing population declines, and multiple indicators of long-term reproductive failure, any level of fishing was determined to be unsustainable. The fishery management strategies were designed for regular recruitment with constant natural mortality, which this case study shows is not consistent with climate change impacts to populations. Instead, fishery management plans will need to be redesigned to improve detection capabilities, responsiveness, and resilience to large-scale climate impacts and cascading risks. Without climate-ready management, fishing the survivors of unfavorable environmental conditions could greatly reduce the pace of future population recovery, or drive the stock to local extinction. A Draft Red Abalone Fishery Management Plan is being written in 2022, in response to the lessons learned from the kelp forest collapse, that expands the indicators guiding fishery management decisions to include environmental and biological indicators of ecosystem and abalone productivity (Fish and Game Commission March 2022; fgc.ca.gov).

Along with management efforts to stop fishing mortality, there is an urgent need to restore the kelp forest. Again, the urgency of the situation was misunderstood as many fishers, managers, and scientists thought the system would naturally rebound as it had in the past. With the wide-scale transition to sea urchin barrens (System Response), a quick recovery was not possible without intervention. In 2016, research was initiated to explore opportunities to support kelp forest recovery (System Response), through coordinated urchin harvest and kelp forest restoration approaches. Given that most kelp restoration projects are small in scale (<1 ha) and short in duration, the recommendation is for larger projects to enhance success. A collaborative kelp recovery plan for northern California was developed in 2019 to guide collective efforts by agencies, tribes, industry groups, universities, and non-profits (Hohman et al., 2019) yet the response has taken 8 years since the MHW and KFC for the state agencies to produce an action plan for restoring California's Kelp Forests (California Ocean Protection Council 2021). A review of possible policy responses suggest that resisting the decline and promoting kelp forest restoration will be key for the future of this ecosystem (Rogers-Bennett et al., 2022).

Climate change, and the resulting ecosystem impacts, are arguably some of the biggest challenges for natural resource science and management today. This work demonstrates the importance of tracking multiple metrics to develop an ecosystem-based conceptual model to inform management. The red abalone case study highlights the challenges with fixed management strategies, or strategies that do not explicitly incorporate environmental or ecosystem indicators. While adaptive management approaches are often designed to be reactive to changes in stock conditions, proactive management of additional potential stressor vulnerabilities may improve climate resilience of the ecosystem and the stock. Ecosystem-based management of critical habitats, as an adaptation strategy, may be improved by implementing environmental forecasting models, to inform understanding of climate drivers of ecosystem dynamics (McPherson et al., 2021). Identifying the likely resource responses to potential major ecosystem disruptions, and interactions with additional stressors, is the first step toward developing adaptive management strategies to protect resources in the face of climate-driven reductions in productivity and biodiversity. Continuing to examine outcomes from additional case studies will be critical to improving our understanding of the cascading impacts and risks of climate change.
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