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Kelp and macroalgal forests provide the ecological foundations of many temperate rocky reef ecosystems, but have regionally declined, often due to sea urchin overgrazing and the formation of urchin barrens. Sea urchin removal has long been used to investigate kelp-sea urchin dynamics and is increasingly being promoted for kelp forest restoration. In this review, we assess the methods and outcomes of sea urchin removal experiments to evaluate their potential use and feasibility as a tool for restoring macroalgal forests. Seventy-nine sea urchin removal projects were reviewed from temperate subtidal rocky reef systems between 1975 and 2020. Removal methods were often not reported (35%), but included manual culling, including crushing (25%) and chemical application (quicklime, 9%), or relocating sea urchins (13%). Only a small percentage of removals were large in scale (16% > 10 ha) and 92% of these utilized culling. Culling is often the most practical method of urchin removal, but all methods can be effective and we encourage development of new approaches that harvest and utilize low-quality urchins. Urchin removal led to an increase in macroalgae in 70% of studies, and a further 21% showed partial increases (e.g., at one or more sites or set of conditions). Restoration effectiveness is increased by removing essentially all sea urchins from discrete areas of urchin barrens. Sea urchin removal provides a simple, relatively cheap, and effective method that promotes kelp recovery within urchin barrens. However, sea urchin removal does not address the underlying cause of elevated sea urchin populations and is unlikely to provide a long-term solution to restore kelp forests and full ecosystem function on its own. We therefore suggest that if sea urchin removal is considered as a tool for kelp forest restoration, it should be incorporated with other management measures that aim to increase kelp forest resilience and biodiversity (e.g., marine protected areas, predator protection or enhancement). This will ensure that kelp restoration efforts have the greatest ecological, socio-economic and cultural outcomes in the long-term.
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INTRODUCTION

“I will briefly summarize our labors by saying that the aforesaid Quicklime did grievously smite the spiny enemies of Your glorious empire in such a fashion that most of them perished as they so richly deserved.”—Brock Bernstein Letter of Transmittal to Queen Elizabeth II, 30 October 1981, cover letter of Bernstein and Welsford (1982).

Kelp forests frame roughly a quarter of Earth's temperate and subpolar rocky coastlines (Steneck and Johnson, 2014), but these ecosystems can literally be eaten away by sea urchins which create urchin barrens. Reaching up to 60 m long, kelps form the foundation of temperate reef ecosystems by creating complex three-dimensional habitats that support high biodiversity (Graham, 2004; Teagle et al., 2017). They form some of the most productive ecosystems on the planet (Mann, 1973) and provide food and habitat for a plethora of species both within their canopies (Graham, 2004; Christie et al., 2009) and in neighboring areas (Duggins et al., 1989). Kelp forests also provide numerous regulatory, provisionary, and cultural services with large economic value, including carbon sequestration and nutrient remediation, coastal protection, enhanced fisheries and tourism, and harvestable food and materials for sustenance and trade (Bennett et al., 2016; Wernberg et al., 2019). When these macroalgal forests are lost, less productive and structurally simple states such as urchin barrens or algal turfs are frequently left in their wake, with ecological and socio-economic ramifications (Graham, 2004; Filbee-Dexter and Wernberg, 2018).

Declines in kelp and macroalgal forests in recent decades have been well-studied and reviewed (Filbee-Dexter and Scheibling, 2014; Ling et al., 2015; Krumhansl et al., 2016; Wernberg et al., 2019). While kelp has increased in some regions, regional declines, like the 90% kelp loss over 350 km in Northern California, USA, are more prevalent and have had catastrophic local effects (Rogers-Bennett and Catton, 2019). The degradation and loss of kelp forests can be driven by a number of abiotic (e.g., warming, eutrophication, and sedimentation; Airoldi, 2003; Strain et al., 2014; Smale, 2020) and biotic (e.g., herbivory and disease) factors (Cole and Babcock, 1996; Vergés et al., 2014). In mid-latitudes, where kelps are not at the limit of their abiotic tolerances, overabundance and overgrazing by sea urchins are the most important and widely reported cause of kelp forest decline (Steneck et al., 2002; Filbee-Dexter and Scheibling, 2014; Ling et al., 2015; Steneck, 2020). Unlike other kelp herbivores, sea urchins have the unique ability to completely eliminate macroalgae, in some cases from vast areas of reef, and then maintain these areas clear of macroalgae for decades (Norderhaug and Christie, 2009; Watanuki et al., 2010; Filbee-Dexter and Scheibling, 2014). In many cases, the overabundance of sea urchins has been linked to the historic overharvest of their predators (Jackson et al., 2001; Steneck et al., 2002; Steneck, 2020).

Roughly 20 species of sea urchins are known to control macroalgal community composition and influence ecosystem function through grazing (Paine, 1980; Steneck, 2020). High urchin densities have denuded macroalgal forests in Asia, Australasia, Europe, and the Americas (Ling et al., 2015; Krumhansl et al., 2016; Filbee-Dexter and Wernberg, 2018), leading to their epithet “spiny enemies.” For example, in California where purple urchin (Strongylocentrotus purpuratus) densities have increased exponentially (Rogers-Bennett and Catton, 2019) and in Tasmania where the long-spine sea urchin (Centrostephanus rodgersii) has extended its range (Ling, 2008), kelp forests have succumbed to grazing and sea urchins are widely considered undesirable. However, some species of sea urchins are regarded highly, with great commercial and cultural importance as traditional foods and delicacies (Andrew et al., 2002); their roe (“uni”) can fetch market prices as high as USD$100/kg (Sun and Chiang, 2015). Indeed, the “culprit” sea urchin can be seen as both a pest species and a cherished food, and the removal of these sea urchins for kelp restoration purposes can be a sensitive issue.

Once sea urchin densities increase and kelp or macroalgae decrease past critical points, it can be difficult to reverse phase changes. The kelp forest to urchin barrens model is one of the most common examples of phase shifts, documented over the last 50 years (Lawrence, 1975; Filbee-Dexter and Scheibling, 2014). These systems demonstrate “hysteresis,” or an imbalance of the tipping point threshold. Globally averaged, the urchin biomass required to shift from kelp forests to barrens is an order of magnitude greater than the biomass threshold to shift back to kelp forests (668 ± 115 g/m2 compared to 71 ± 20 g/m2; Ling et al., 2015). In other words, once high densities of urchins consume macroalgae and create barrens, small numbers of urchins can maintain the barrens. For kelp to recover, urchin populations must be reduced to very low levels.

One might assume that once the increased sea urchin populations have depleted their locally preferred food source, the population would decrease (through death or emigration). However, sea urchins demonstrate physiological and dietary plasticity, whereby individuals can make metabolic and behavioral adjustments, or switch to alternative foods (e.g., drift algae, turfing algae, invertebrates, detritus), when preferred food is scarce (Lawrence, 1975; Ling and Johnson, 2009; Suskiewicz and Johnson, 2017). Despite survival of sea urchins in depauperate barrens (Andrew, 1989), their general condition is often poorer, as demonstrated by reduced body size, shrunken gonads (roe) and changes in skeletal morphology (Claisse et al., 2013; Spyksma et al., 2017; Pert et al., 2018; Ling et al., 2019). Thus, barren areas may persist for decades (Jackson et al., 2001; Steneck et al., 2002) with high densities of sea urchins unsuitable for harvest.

As urchin barrens have replaced kelp and macroalgal forests in many regions, concern has grown about the transition of a highly productive system to an apparent desert. This has led to a rapid increase in kelp forest restoration initiatives in recent years, which is highlighted in recent reviews (Eger et al., 2020; Layton et al., 2020; Morris et al., 2020) and increasing research efforts (Figure 1). While several approaches can be used for kelp forest restoration (Box 1), where sea urchins are a primary cause of deforestation (Watanuki et al., 2010; Ling et al., 2015; Guarnieri et al., 2020), sea urchin removal provides an obvious approach to kelp restoration.
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FIGURE 1. Number of studies published per year on kelp and macroalgal restoration (TOPIC [kelp*OR macroalga*] AND [restor*]), kelp restoration (TOPIC [kelp*OR laminaria*] AND [restor*]), Fucales restoration (TOPIC [fucoid*or fucal*] AND [restor*]), other macroalgal restoration (TOPIC [kelp*OR macroalga*] AND [restor*] NOT [kelp*or laminaria*or fucoid*or fucal*]), and restoration and sea urchins (TOPIC: [kelp*OR macroalga*] AND [restor*] AND [urchin*OR echinoderm*]) in Web of Science between 1950 and 31/12/2020.



Box 1. General methods of active macroalgal restoration.

Herbivore removal. While herbivory by fishes and molluscs can influence macroalgal communities, sea urchins are by far the most destructive grazers of macroalgae and kelp forests (Steneck et al., 2002; Filbee-Dexter and Scheibling, 2014; Ling et al., 2015; Steneck, 2020). Consequently, herbivore removal efforts have focused on sea urchin removal. Dedicated urchin removal to restore kelp forests has been used for over half a century (Leighton et al., 1966; Breen and Mann, 1976) and in many regions (e.g., California, Norway, Canary Islands, Canada, Australia). If overgrazing by urchins is the primary reason for macroalgae decline, active removals (crushing/collecting) or urchin predator addition can allow macroalgae to regrow.

Kelp enhancement. Enhancement includes seeding, transplanting juveniles, adults, fragments, or substrate with attached kelp (Wilson and North, 1983; Westermeier et al., 2016; Fredriksen et al., 2020; Medrano et al., 2020). Transplanting can be quite costly and labor intensive and success is varied (Wilson and North, 1983; Layton et al., 2020), but may be necessary if propagules are limited.

Removal of algal competition. Clearing competing species, such as invasive algae, can allow regrowth of desired species, but effective removal is very difficult (Wilson and North, 1983; Hewitt et al., 2005). Turf (or mat-forming algae) inhibit the kelp recruitment through restricting space and accumulating sediment (Connell et al., 2014; Strain et al., 2014; Filbee-Dexter and Wernberg, 2018). Unlike urchin barrens, large-scale phase shifts from turfs back to kelp are rare (Filbee-Dexter and Wernberg, 2018; Christie et al., 2019).

Artificial habitat addition. Additions of rocks (and more recently concrete) to increase reef habitat for kelp enhancement has been conducted for centuries in Japan (Fujita, 2011). In California, several projects were constructed for environmental mitigation from power plants, with mixed results (Carter et al., 1985; Ambrose, 1994; Reed et al., 2017).

Environmental mitigation or adaptation. Environmental degradation (e.g., temperature, sedimentation, eutrophication) can act additively or synergistically (Strain et al., 2014), and reducing local stressors (e.g., sediment or nutrient loads) may increase resilience to other stressors (Strain et al., 2015). With climate change, restoration to former species assemblages may be impossible and enhancing more temperature tolerant species or “assisted evolution” may be required (Filbee-Dexter and Smajdor, 2019; Coleman et al., 2020).


Urchin populations may be reduced through direct removal or indirect methods (Layton et al., 2020). Direct removals, the focus of this review, are active restoration, whereas indirect (or passive) methods involve management interventions such as marine protected areas that may indirectly lead to declines in sea urchins over time (Box 2). Direct removal of sea urchins may provide a simple and rapid (<2 years) approach to restoring kelp forests (Ling et al., 2010, 2015). However, in some cases additional strategies may also be required to promote kelp recovery (Box 1) and provide longer-term resilience of kelp forests (Box 2). If urchin removal is being considered as part of a kelp restoration plan, it is necessary to understand:

• Can and when does urchin removal restore macroalgal forests?

• Is it feasible and/or practical for large-scale macroalgal restoration?

• What is the potential role of sea urchin removal in macroalgal forest restoration?


Box 2. Natural, indirect or assisted processes to control sea urchin populations.

Protection of sea urchin predators. Trophic cascades describe the top-down effect of predators on prey species and their associated food resources (Paine, 1980; Ripple et al., 2016). For example, Estes and Palmisano (1974) correlated the reintroduction of sea otters (Enhydra lutris) with declines in sea urchins (Strongylocentrotus spp.) and increases of kelp at the Aleutian Islands. If sea urchin populations are regulated by predation (top-down), then restoring predator populations can decrease urchin densities and restore kelp forests, provided urchin densities fall below the tipping point (Shears and Babcock, 2002, 2003; Ling et al., 2009). Many sea urchin predators are heavily exploited and trophic cascades are linked to their overfishing or harvest. However, because of the socio-economic value of fishing, gaining public and/or political support for protection of these predator species can be challenging. Restoring trophic cascades are considered passive/indirect approaches to restoration and can potentially be achieved through the following measures:

1. Marine protected areas. No-take marine protected areas or marine reserves can restore populations of heavily fished species (Russ and Alcala, 1996; McClanahan et al., 2007; Lester et al., 2009; Stewart et al., 2009). Trophic cascades resulting in kelp restoration occurred in the Cape Rodney-Okakari Point (Goat Island) and Tāwharanui Marine Reserves, in north-eastern New Zealand, after decades of protection. In these reserves, Australasian snapper (Chrysophrys auratus) and spiny lobster (Jasus edwardsii) populations dramatically increased, sea urchin (kina, Evechinus chloroticus) populations declined and kelp canopies re-established, while urchin barrens remained outside of the reserves (Babcock et al., 1999; Shears and Babcock, 2002). Restoration of kelp forests following marine reserve establishment has been demonstrated elsewhere (Behrens and Lafferty, 2004; Edgar et al., 2009), though in some cases of marine protection, kelp restoration has not been an outcome (Sala et al., 1998; Micheli et al., 2005), demonstrating the regionally disparate and variable mechanisms for kelp loss (Shears et al., 2008).

2. Predator enhancement. Restoration of predators can restore trophic cascades and support regrowth of kelp forests (Duggins, 1980; Watson and Estes JStability, 2011). In Tasmania, Johnson et al. (2013) translocated 1,663 large lobsters into barrens; in newly forming (incipient) barrens, a significant increase in macroalgae was seen, but no change was seen in extensive fully-formed barrens after 2.5 years (Johnson et al., 2013).

3. Fishery management. Reduced fishing quotas, spatial exclusion or size restrictions on predator species can increase predator abundance and size. Success of urchin predation depends on predator density and their efficiency at consuming urchins. For example, only very large lobsters can consume large urchins (Ling et al., 2009) and lobster prefer urchins from kelp forests than from barrens (Eurich et al., 2014). Models suggest that reducing fishing pressure may be insufficient to restore existing barrens in Tasmania (Marzloff et al., 2016; Johnson et al., 2017). Due to hysteresis, predator density may need to be impossibly high to induce phase shifts, thus meaning that after urchin populations have skyrocketed, increased predation alone may be unable to solve the issue.


This review assesses the goals, methods, and success of direct sea urchin removal projects in relation to ecological viability and implementation practicality. The aim is to evaluate the effectiveness and utility of different methods and to identify the most useful applications of sea urchin removal to guide future macroalgal restoration projects.



METHODS

Web of Science and Google Scholar (1900-31/12/2020) were used to search through literature on urchin and kelp dynamics published in English. The criteria in Web of Science (graz* or herbiv* or barren* or troph*) AND (urchin* or echinod* or echinoid*) AND (kelp* or macroalga* or alga* or seaweed*) AND (remov* or exclus* or restor* or kill*) provided a broad source of published literature (391 records), and “urchin removal restoration” for Google Scholar (17,300 records, first 400 screened) which were examined for relevance, along with their citations and reference lists (Supplementary Figure 1). The search was supplemented with projects in gray literature (e.g., technical reports), sourced through a general Google search (“urchin removal restoration,” first 400 screened) and reference lists in relevant literature. Search criteria included active removals or exclusions of sea urchins from urchin barrens and/or from macroalgal dominated subtidal environments on rocky substrate (e.g., passive indirect restoration such as marine reserves were excluded).

Studies must have measured effects of removal of all or a portion of sea urchins on macroalgae abundance and/or urchin density. Studies that only examined effects of urchin removal on other species (e.g., abalone, sponge) were excluded. Urchin removal studies on coral reefs, soft sediments (e.g., seagrass beds) or artificial substrates (e.g., settlement tiles) were also excluded. Projects involving canopy-forming macroalgae other than kelp (e.g., in the Mediterranean) were included.

In southern California, many urchin removal projects conducted by Wheeler J. North in the 1960s and 1970s are summarized in Wilson and North (1983). For the purposes of this review, these are grouped by method, as individual projects typically had only limited descriptions of relevant details. Additionally, studies from Japan are underrepresented due to many studies being published only in Japanese, which ignores an enormous wealth of information and a large knowledge gap unavailable to non-Japanese speakers. One Japanese literature review reports 1,000 studies conducted between 1970 and 2005 on barren grounds, with 43% of these on algal restoration (Kuwahara et al., 2006). However, Eger et al. (2021b) reviews Japanese literature on kelp restoration more broadly.

Metrics sought from each study included: location, purpose, experiment start date, macroalgal density, maximum plot size, total removal area, duration of monitoring, dependent variables examined, marine protection, time and/or cost estimates, urchin densities or biomass, total number of urchins removed, removal method and personnel details, and removal frequency. One author (KM) extracted and interpreted these data from each report. In cases where metrics were not clearly described and/or there was uncertainty in interpretation of these data, these were discussed and interpreted in consultation with other authors.

The purpose of each project was determined based on the stated research goal and experiments conducted. Five main objectives were considered: (1) ecological role: understanding the role of sea urchin on macroalgae/community composition, (2) multiple stressors (biotic): the relative role of sea urchins + another species on macroalgae/community (e.g., two species of sea urchin or sea urchins and herbivorous fishes), (3) multiple stressors (abiotic): the relative role of sea urchins + abiotic factors (or abiotic and biotic, such as sea urchins + sedimentation or sea urchins + nutrification) on macroalgae/community, (4) fishery effects: studying the effects of urchin removal on urchins or abalone, and (5) restoration purposes (including removal effectiveness).

Success was determined by growth of macroalgae and excluded studies that only tested for changes in urchin densities. Macroalgae regrowth was recorded in different ways (e.g., percent canopy cover, number of plants, biomass) so the response was simplified to: significant macroalgae increase, partial increase, or no increase. These were determined if the statistical tests conducted by researchers showed a significant (p < 0.05) increase in kelp cover in all sites/experiments, partial if significant positive results were only found in some sites or experiments (e.g., depth, different levels of removals, sites, or times), or no statistically significant increase determined in any sites. If no statistical analyses were conducted, positive, partial, or no increase trends were determined from the results. Date refers to start date of removal, and maximum plot size was the largest discrete area of urchin removal, even if this was larger than the monitored site. Summary statistics represent only the number of studies that reported each metric. Analyses and maps were conducted in Microsoft Excel, QGIS Version 3.12.0, and R Version 4.0.0 (QGIS Development Team, 2020; R Core Team, 2020).



RESULTS


Research Location and Purpose
 
Location

Most sea urchin removal studies (60 of 79 studies) were carried out in just five countries: Australia, USA, Italy, Canada and Japan (Figure 2), and weighted toward the Northern Hemisphere (55 of 79 studies, Supplementary Table 1). Several areas known to have urchin barrens and phase shifts (Filbee-Dexter and Scheibling, 2014) are not represented: Greenland and Iceland, Russia, Greece, and much of the United Kingdom. Japan is underrepresented in this review as many projects were not published in English. Most of the studies were focused in regions where laminarian kelps occur (63 studies), whereas 16 studies were carried out outside the range of shallow water laminarians and focused on habitats dominated by fucoid or other macroalgal species (Mediterranean: 15 studies and Canary Islands: 1 study).


[image: Figure 2]
FIGURE 2. Global distribution of published studies on sea urchin removal. Number of studies within each area are shown; in some cases, multiple studies (differentiated by area, time, or method) could be published within a single report. Green circles represent regions where laminarian kelps occur (63 studies) and yellow circles represent studies outside of the range of shallow water laminarians (dominated by fucoid or other macroalgal species, 16 studies). Note the number of studies in Japan and California is an underrepresentation of the total number of studies in these regions (see text).


The spatial distribution of studies is also indicative of research sites and institutions, not the global distribution of urchin barrens. Twelve studies were conducted at least partially within marine protected areas, nine of which were for experimental purposes and three for restoration.



Research Purpose

The number of sea urchin removal studies published each decade has generally increased since the 1950s, with the primary purpose changing through time (Figure 3). Most studies focused on understanding the ecological effects of sea urchins on macroalgae and benthic communities (49%), followed by restoration (25%). Early studies primarily focused on understanding the ecological role of sea urchins, but the relative proportion of these studies have declined relative to other research interests. In particular, the research into multiple stressors (biotic, relative importance of different herbivores [14%]; abiotic + abiotic/biotic, the relative influence of sea urchins and other factors [7%]) emerged in the 1980s and is increasing. Studies utilizing urchin removal for restoration purposes have occurred through time but increased in recent decades.
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FIGURE 3. Decadal number and purpose of published urchin removal studies (n = 71, excluding duplicate studies or studies with missing dates): (1) ecological role: understanding the role of sea urchin on macroalgae/community composition, (2) multiple stressors (biotic): the relative role of sea urchins + another species on macroalgae/community, (3) multiple stressors (abiotic): the relative role of sea urchins + abiotic factors on macroalgae/community, (4) fishery effects: studying the effects of urchin removal on urchins or abalone, and (5) restoration purposes (including removal effectiveness). The year used for each study represents the start of urchin removals rather than publication date.





Study Design
 
Sea Urchin Density Reduction

Almost all studies attempted to completely remove sea urchins within an area, but removal effectiveness varied greatly. Many studies did not report sea urchin density before and after removals, but five studies reported a reduction of <75% and were considered partial removals. Eight studies also compared complete removals with reducing densities of sea urchins to a specific amount (e.g., 33 or 50% reduction).



Size

The maximum plot size and total removal area were generally related to study objectives (Figure 4, n = 73 and n = 74, respectively). Larger removal plots (>1,000 m2) were typically used in restoration projects, whereas smaller plots were used for ecological research (objectives 1–3). The largest scale study removed urchins from 1,000,000 m2 of reef for restoration, but overall area included both incipient barrens (barrens forming within kelp forest) and kelp habitat (Gorfine et al., 2012); the total area of barrens cleared was substantially smaller and not measured.
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FIGURE 4. Size of (A) maximum urchin removal plot (n = 73) and (B) total urchin removal area (n = 74) relative to study objectives: (1) ecological role: understanding the role of sea urchin on macroalgae/community composition, (2) multiple stressors (biotic): the relative role of sea urchins + another species on macroalgae/community, (3) multiple stressors (abiotic): the relative role of sea urchins + abiotic factors on macroalgae/community, (4) fishery effects: studying the effects of urchin removal on urchins or abalone, and (5) restoration purposes (including removal effectiveness).


Only 13 of the 79 studies investigated the effects of urchin removal on large-scales (>1 ha [10,000 m2], Figure 4), with five of these projects reported in a single publication (Taino, 2010). In total, only four peer-reviewed papers were published on urchin removal projects larger than one hectare: Taino (2010), Sanderson et al. (2016), Guarnieri et al. (2020), and Williams et al. (2021).



Removal Frequency

Given the majority of studies aimed to examine the effects of removing or reducing densities of urchins, most (54 out of 79) carried out repeated removals to remove reinvading urchins or those missed in initial removals. When reported, the frequency of repeat removals ranged from every few days to annually, and the number of urchins removed was ~10–20% of that initially removed (Low, 1975; Ling, 2008). While in some studies (seven) it could not be concluded if urchins were removed multiple times; in 14 studies, urchins were removed only once (including two which also used barriers to prevent re-entry). Four studies included both single and multiple removals (Andrew et al., 1998; Hereu, 2004; Watanuki et al., 2010; Tracey et al., 2015), with mixed results on the number of sea urchins which remained and kelp recovery. Keats et al. (1990) removed urchins frequently (weekly-monthly) for over 3 years (400 m2), after which removals were stopped and re-invading urchins removed almost all fleshy algae.



Duration of Monitoring

The mean and median duration of monitoring in the studies was 23 and 18 months (n = 76), respectively, with a range from 0.5 months (monitoring urchin density only; Bernstein and Welsford, 1982) to 84 months (House et al., 2018). Only nine projects were monitored for more than 2 years.




Active Removal Methods

Almost half of the studies did not describe the method of removing urchins (Figure 5A). However, many referenced SCUBA or “manual,” suggesting sea urchins were either crushed/pierced in place or collected and removed from plots. The removal methods in the studies reviewed can broadly be broken into three categories, (1) in situ culling, (2) collection, and (3) exclusion, reviewed below.
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FIGURE 5. Number of published studies that use the different methods for urchin removal: (A) all studies included in this review (n = 79) and (B) studies that removed urchins from areas >1 hectare (n = 13). Arrow in (A) indicated 2 studies that overlapped between exclusion and translocation. Red circles indicate culling methods, green illustrates collection, relocation, or exclusion methods, blue is unknown. Scale is relative to number of total studies in the category; numbers demonstrate studies that used only that method exclusively.



In situ Culling
 
Crushing

The most commonly reported method of removal was in situ culling, by crushing or piercing urchins (n = 20), by chemical means (n = 7), or the use of suction dredging (n = 1, Figure 5A). Crushing was particularly common for large-scale removals (Figure 5B), using abalone bars (Sanderson et al., 2016), hammers (Breen and Mann, 1976; Himmelman et al., 1983; Keats et al., 1990; Guarnieri et al., 2020), knives (Guarnieri et al., 2020), or iron rods (Taino, 2010). Essentially all crushing was performed while SCUBA diving, but two studies reported crushing by freediving (Kitching and Ebling, 1961; Taino, 2010). Urchin remains are left underwater and treated as a waste product but provide nutrients for the marine system. This is one of the most simple and thorough methods of removal, with little impact on the environment or other species (Wilson and North, 1983). However, manually crushing each sea urchin is time-consuming, costly, and can be considered wasteful.

Reported crushing rates averaged 19.5 ± 4.6 urchins/min (mean ± SE, n = 9). If rates were given as a range, the mean was used in calculations. Within a single region, rates can vary greatly. Wilson and North (1983) reported the fastest rates (of 2,100–4,200 urchins/h or 35–70 urchins/min), averaging over 3,000 urchins/h for “trained personnel” and sea urchin densities >30 urchins/m2. Leighton et al. (1966) reported the next fastest rates (1,000–2,000 urchins/h, or 17–35 urchins/min). More recently, 3.6 million urchins were removed at a rate of 9.0 urchins/min with urchin densities of ~18 urchins/m2 (House et al., 2018).

Urchin density, size, sea condition, experience of workers, depth, and barren extent affect removal efficiency. Commercial divers estimated the time and cost of working at depths of 15–20 m was more than 3.5 times greater than <10 m (Tracey et al., 2014). In Australia, cull rates increased linearly from 0 to 10 urchins/min as urchin density rises from 0 to 2 urchins/m2, above which point efficiency leveled off (Tracey et al., 2015). The two largest projects were conducted in California with over 18 ha cleared in 6,600 h (House et al., 2018) and in Australia with 50 ha of incipient barrens cleared in 163 h (Gorfine et al., 2012).



Quicklime

Quicklime (calcium oxide, CaO) was first used to kill sea urchins in situ in the 1960s (Leighton et al., 1966). In water, it produces an exothermic reaction and converts to calcium hydroxide (Ca(OH)2) and becomes inert within days (Bernstein and Welsford, 1982). Quicklime was used considerably in California through the 1970s and trialed in the Canadian Atlantic (Bernstein and Welsford, 1982), after which it fell out of fashion for several decades. However, researchers in Norway have resurrected the research and improved effectiveness (Strand et al., 2020). While quicklime is most lethal to echinoderms (including non-targeted starfish), it can also cause mortality in other invertebrates such as abalone (North and Shaefer, 1963), potentially prohibiting the use of this treatment option.

Quicklime application rates are independent of urchin density. The quantity of quicklime applied (low dose [6–7 m2/min] or high dose [2–3 m2/min]) and application method (dumped at surface or hose to seafloor) affect efficiency (Bernstein and Welsford, 1982). Wilson and North (1983) reported 28 m2/min using a directed hose approach with a diver below. This approach can be the most time-efficient and therefore cheapest method for covering large areas (Wilson and North, 1983; Eger et al., 2021b).



Other Culling Technology

Wilson and North (1983) described diver-operated suction dredging for urchin removal, and one fisherman in Northern California uses a vacuum device to remove sea urchins (Barrett, personal communication, 16 April 2020). The impact on other marine life (e.g., bycatch, habitat impacts) were not evaluated, but should be considered. Remotely operated vehicles (ROVs) for culling urchins are being developed (James et al., 2016; Gilbreath et al., 2018; Marauder Robotics, 2021) and may be safer, more efficient, and have access to deeper sites than diving-based methods.

Rate information for these technology are scarce. Wilson and North (1983) reported a rate of 6,000 urchins/h (100 urchins/min) for suction dredging. A prototype machine devised by Gilbreath et al. (2018) had a theoretical rate of 1,000 urchins/h (17 urchins/min), and they also describe a system of hand picking with a vacuum that removes 200–600 urchins/h (3–10 urchins/min).




Collection/Relocation

In 15 reviewed studies, sea urchins were manually removed by divers (Figure 5A). At least a portion of the sea urchins were either relocated (10 studies), collected with an unknown fate, or taken to a laboratory for analysis (Kain and Jones, 1966; Jones and Kain, 1967) or experimentation (Carlsson and Christie, 2019).

Rather than culling or harvesting, relocation is a simple non-destructive method. Most studies were small scale (<1,000 m2), with two exceptions. Mooney (2001) transplanted or crushed ~25,000 sea urchins depending on sea conditions; Watanuki et al. (2010) had divers relocate 32,900 urchins. While rarely described, sea urchins were typically moved into nearby areas of reef.

No studies in this review reported collection rates, but all estimates show it to be several times slower than culling. A trial by a commercial scallop diver indicated culling is 2.4 times faster than collection (Lisson, 2018). Cresswell et al. (2019) estimated culling to be 2.7 times faster based on catch data and fishermen estimates, and Rootsaert (personal communication, 3 June 2020) estimated culling to be 4 times faster than collection. In addition, culling requires fewer resources (e.g., large boats) than collection.



Exclusion

Sixteen projects used exclusion devices to minimize urchin re-invasion, with varying effectiveness. The primary aim of these studies was to investigate ecological effects of urchin removal, with only two studies restoration focused. Natural barriers can be effective, including sand (Kriegisch et al., 2016) or octocorals (Ling et al., 2020). Fences and cages were typically only used in small (<50 m2) removals.




Personnel

Most studies (60/79) did not specifically state who did the removals and it was assumed to be the researchers with limited assistance (Figure 6). These were mostly smaller projects whereas large projects (>10 ha) typically employed the help of commercial abalone divers and volunteers (Taino, 2010; Gorfine et al., 2012; Sanderson et al., 2016; House et al., 2018). Sanderson et al. (2016) assessed the feasibility of commercial abalone fishermen crushing urchins when fishing was slow, but based on 14 dives, it showed little promise. Early trials of quicklime were conducted by a collaboration between California Department of Fish and Game and the Kelco Inc., which held a lease for kelp harvesting (Wilson and North, 1983).
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FIGURE 6. Number of studies with the different personnel that removed urchins in published urchin removal studies: (A) all studies included in this review (n = 79) and (B) only studies that removed more than 1 hectare (n = 13). Scale is relative to number of total studies in the category; numbers demonstrate studies that used only that method exclusively. If not otherwise stated, it was reasonably assumed researchers conducted removals with limited assistance. Fishermen were typically commercial abalone or sea urchin divers.




Macroalgal Recovery Following of Urchin Removal

In this review, success of urchin removal was determined simply as macroalgal growth. Differing categories of algae, such as “fleshy,” “foliose,” “erect,” “large and small perennial and annuals,” or “non-encrusting algae,” made comparisons difficult, restricting the ability to reach more specific conclusions about the relative effect on the dominant algal taxa (such as between laminaria and fucoids). For example, in one study “foliose algae” included laminarian and fucoid kelps, seasonal reds and browns, and articulated coralline algae (Andrew and Underwood, 1993). Of the studies that statistically tested changes in macroalgae density (n = 43), 61% showed significant increases in macroalgae (n = 26) and a further 28% (n = 12) showed partial increases (e.g., at one site or set of conditions). Of studies that did not statistically test for increases (n = 27), the proportions are similar: 85% exhibited increases and 11% partial increases. Only six (of 70) studies showed no increase in macroalgae. The remaining nine studies did not examine macroalgae results. Partial reductions in urchin density (e.g., by 50 or 33%) generally did not allow macroalgal regrowth (Andrew and Underwood, 1993; Hill et al., 2003). Similarly, methods can vary in their effectiveness (proportion of sea urchins eliminated) of removal (e.g., quicklime; Bernstein and Welsford, 1982; Strand et al., 2020); low removal effectiveness can prevent macroalgae regrowth (Strand et al., 2020).

While we could not examine success rate based on taxonomic differences, we were able to compare how the smaller fucoid or other macroalgal dominated canopies found in the Mediterranean and Canary Islands responded, compared to the wider study results which were generally focused on laminarian-dominated systems. Fifteen of the 16 studies in these areas (one study included re-seeding efforts and was therefore excluded) showed either partial or full success. Two studies showed positive but not statistically tested macroalgal growth, nine studies (69%) showed significant increases, and four (31%) showed significant partial success. This is a higher success rate than that seen across all studies combined. However, the limited number of studies and diversity of approaches used make it difficult to assess if this is a function of study design or ecological differences between these broad forest types. Likewise, due to the variety of methods in how and where urchins were removed across studies, it was not possible to explicitly examine how effectiveness related to size of urchin removal plots. For example, positive results were observed in relatively small plots when sea urchins were successfully excluded through the use of cages or regular ongoing urchin removal. Similarly, when urchins were removed from small discrete patches of barrens surrounded by algal forest there was rapid recovery (Ling, 2008; Bulleri, 2013). In contrast, when only small areas were cleared of urchins from within a larger barren there was little recovery due to continued reinvasion (Shears and Babcock, 2002). Large removal plots within extensive barrens can also be effective with limited sea urchin immigration and may require less frequent removals to maintain densities (Low, 1975; Villouta et al., 2001; Guarnieri et al., 2020). Comparisons of effectiveness between studies of plot size (and barren size) are confounded by varying sea urchin removal frequency.

While most studies removed sea urchins multiple times, differing study designs did not permit between-study comparisons to evaluate the importance of removal frequency. However, a few studies explicitly compared the effects of removal frequency on algal growth, i.e., single removal vs. ongoing removals. Hereu (2004) found single eradication was sufficient for macroalgal growth, but the majority of studies found it was necessary to remove sea urchins continuously (e.g., Shears and Babcock, 2002). In two other studies, urchin densities were higher in the single removal compared to multiple removal sites. While one study showed reduced algal regrowth in the single removal (Watanuki et al., 2010), algal regrowth in the other study was indistinguishable between single and multiple removals (Andrew et al., 1998).

Twenty-two studies reported the effects of urchin removal on species other than kelps, primarily focusing on sessile and mobile invertebrates. Two studies examined fish response, one showed a positive and one a mixed effect (Mooney, 2001; Williams et al., 2021). Sessile invertebrates were less likely than fish to show a partial or positive response (50%, n = 14). Abalone showed a positive increase in both studies when macroalgae increased (n = 2). Other mobile invertebrates (examined separately) typically showed an increase in abundance and/or diversity following urchin removal (64%, n = 11), except for limpets, which decreased in two studies.

Assessing the overall success of sea urchin removals to restore macroalgal forests was often difficult, owing to a lack of comparison to pristine, forested reference/control sites. In most cases, the recovery of macroalgae in removal sites was compared only to barren control sites. Furthermore, given the variation in how macroalgal species regrowth was reported, this review did not attempt to evaluate if recovery followed a transitional succession. Twelve studies noted a sequential progression of different species through time and though this may have occurred in other studies it was not clearly reported. Of the twelve studies reporting successional patterns, eight reported establishment of a laminarian/fucoid canopy following an initial assemblage of fast-growing opportunistic species.




DISCUSSION

This review found sea urchin removal to be generally effective in promoting recovery of macroalgal forests, and that several removal methods are feasible to conduct on large-scales for restoration purposes. However, these findings are nuanced and discussed in greater detail below. Similarly, the potential roles of sea urchin removal in kelp forest restoration are described with suggestions on how it can best be utilized.


Can Urchin Removal Restore Macroalgal Forests?

Overall, most studies support sea urchins as important top-down controllers of the reef system; their removal led to some degree of macroalgal regrowth in 91% (including statistically tested or not, positive or partial success of cases). Most of the research reviewed here found that essentially all accessible urchins needed to be removed in order to promote macroalgal regrowth. This is consistent with other reviews on urchin barrens and kelp forest dynamics, which included urchin declines resulting from manual removals, storms, disease die-offs, and marine reserve establishment (Filbee-Dexter and Scheibling, 2014; Ling et al., 2015). In contrast, removing only a portion of sea urchins from barrens is generally not sufficient to promote macroalgal recovery (Andrew and Underwood, 1993; Prince, 1995; Hill et al., 2003; Carnell and Keough, 2016; Sanderson et al., 2016). Similarly, in cases where removal methods were not sufficiently effective or there was continued reinvasion of sea urchins into removal areas there was limited macroalgal recovery (Shears and Babcock, 2002; Strand et al., 2020). These examples support the non-linearity of the urchin-kelp dynamic and demonstrate the need to reduce and maintain urchin populations below the threshold density that maintains barrens (Ling et al., 2015).

While most studies showed at least partial success, results of sea urchin removals appear to be context-dependent, even when almost all sea urchins were removed. The majority of urchin removal studies were undertaken in urchin barrens, where urchins can be expected to be the main factor limiting kelp growth. In cases where kelp cover was already high or densities of sea urchins were initially low, there was generally little effect of urchin removal on total macroalgal cover (e.g., Fricke, 1979; Castilla and Fernandez, 1998; Vanderklift and Kendrick, 2005; Carter et al., 2007). For example, in Washington, no macroalgal differences were seen following removals from rock walls with initially low urchin densities (<0.25 urchins/m2) and macroalgal cover (5%), suggesting low initial algae cover was not due to urchin grazing (Elahi and Sebens, 2013). Even within a study, the effect of urchin removal varied with environmental context and among different urchin species. In southern New Zealand, depth range was a critical predictor of macroalgal recovery (Villouta et al., 2001) and in two other studies, control sites showed increased macroalgal cover in tandem with removal sites, suggesting an extraneous recovery mechanism (Leinaas and Christie, 1996; Carnell and Keough, 2016). In the Mediterranean, removal of one species of urchin (Arbacia lixula) showed a significant effect on algal regrowth, while another species (Paracentrotus lividus) did not (Bulleri et al., 1999; Bonaviri et al., 2011).

For macroalgae to regrow, sea urchins must be effectively removed from discrete areas of urchin barrens to minimize reinvasion. While small-scale experimental plots within larger barrens could be maintained with the use of exclusion cages or frequent removals, these are not practical for large-scale restoration. Successful algal regrowth was achieved where urchins were removed from discrete areas, whether small incipient barrens (Ling, 2008; Bulleri, 2013) or larger well-defined areas within extensive barrens (House et al., 2018; Guarnieri et al., 2020; Williams et al., 2021). Under these conditions there is minimal reinvasion of urchins from adjacent barrens and therefore recovered kelp may be more resilient. However, there is potential within very large barrens that the availability of kelp propagules is reduced which would result in a slower recovery time (see importance of proximity to existing kelp forest for restoration success; Eger et al. (2021b)). To date, no studies have examined the effect of plot size on reinvasion within extensive barrens (but see Andrew and Underwood, 1993 regarding shape and area:edge ratio), but larger removal areas are expected to be more resilient to reinvasion (Leighton et al., 1966; Shears and Babcock, 2002). Similarly, selecting removal areas with natural barriers, such as constrictions and habitat features (e.g., rocky points with strong currents, depths, sand) can minimize immigration of urchins. Greater results and longer-term effectiveness can be achieved if removal areas are selected to minimize reinvasion (i.e., removing sea urchins from an entire or discrete area of barrens).



Is Urchin Removal a Feasible Method for Kelp Forest Restoration?
 
Practicality

Urchin removal appears to be an effective means of increasing macroalgae cover, but its use in large-scale kelp forest restoration requires an assessment of the practicality on ecologically relevant scales. A few projects have demonstrated urchin removals can be carried out on very large (>100,000 m2) areas (Taino, 2010; Gorfine et al., 2012; House et al., 2018; Williams et al., 2021). Overall, several factors demonstrate high feasibility: high success rate (e.g., this review), rapid restoration (Ling et al., 2015), and a broad array of potential benefits (enhanced productivity, biodiversity, socio-economic services). It may be faster, cheaper (see below), and more effective than restoration of other marine ecosystems, such as coral reefs, seagrass beds, or oyster reefs (Bayraktarov et al., 2016). As such, it seems relatively pragmatic to implement under some circumstances. Nevertheless, urchin removal still requires high levels of labor and encompasses challenges inherent to working in marine environments. Finding sufficient divers (regardless of cost) may be challenging and in some cases depths may exceed practicable limits. Removals across extensive barrens (e.g., 100s of km) may be unrealistic, but addressing smaller areas or incipient barrens may be easier and more cost-effective. Similarly, sites can be prioritized for environmentally important areas or ease of access (Tracey et al., 2014). Lastly, as sea urchins are frequently managed under fisheries regulations, their removal may not be legal without specific permits. In summary, it may not be the most practical or long-term method, but it is feasible. Cost-benefit analyses would be useful to aid in determining if sea urchin removal is warranted, and if so, which methods to use.



Ethics and Cultural Considerations

The methods and use of sea urchin removal must also be evaluated from a cultural perspective to determine if removal, and in particular culling, is an acceptable form of restoration. In general, large-scale ecosystem manipulation can have far-reaching or unexpected societal and cultural effects. In New Zealand, the common barren-forming sea urchin, kina, is a taonga (a treasured or sacred) species and an important kaimoana (traditional food source) for Māori. Thus, culling must be considered with respect to both environment and culture and should be conducted in cooperation with indigenous peoples. As sea urchins are an important food traditionally, commercially, and recreationally, the loss of sea urchins can have significant socio-economic impacts (Steneck et al., 2013). Overall, large-scale culling of animals is a rather desperate means of restoration, but in some cases may be the best option to begin restoring ecosystem services. As outlined below, if a single culling event is combined with additional measures (sea urchin harvest or marine protection), this may be more palatable and beneficial for communities.



Cost

Over large-scales (>1,000 m2), the practicality of manual removal has been questioned (Keane et al., 2019; Ling et al., 2019) due to high costs from labor and boat rates (Tracey et al., 2014). However, actual cost estimates are scarce (but see Larby, 2020). In Tasmania, Australia, commercial divers quoted ~US$9,805/ha based on 1.5 urchin/m2 (Tracey et al., 2014). In Victoria, Australia, costs were estimated at AUD$35,000 for 163 h and culling just over 200,000 urchins (Gorfine et al., 2012). In the Mediterranean, urchin removal and macroalgal re-seeding was ~US$62,000/ha (Medrano et al., 2020). A review by Eger et al. (2021b) found urchin culling (quicklime [$1,300 USD/ha 2010], then crushing [$43,000/ha]) to be the cheapest kelp restoration methods by over an order of magnitude. Both are considerably less than the estimated global average cost of marine restoration of USD$80,000-$160,000/ha (Bayraktarov et al., 2016).

Comparing these coarse cost estimates to those for kelp forest benefits may offer sufficient support for restoration. Estimates of kelp benefits ranged from AUD$1,400/ha (Bennett et al., 2016) to USD$28,619/ha (Costanza et al., 2014) to USD$156,700/ha annually (Eger et al., 2021a). Restoration typically provides net gains, and may have high returns on investment from ecosystem benefits, tourism, fisheries, or potential pharmaceutical breakthroughs (De Groot et al., 2013; Duarte et al., 2020) with the breakeven point in only 2–7 years (Eger et al., 2021b). The “restoration economy” can also support high numbers of jobs per monetary investment, with considerable economic and employment multipliers (BenDor et al., 2015), and be an opportunity for green job creation and/or retraining.

While funding sources for removals were not specifically investigated in this study, governments, environmental agencies, commercial and recreational fishermen, divers, or other stakeholder groups and volunteers may contribute time or money to restoration projects. Increased fisheries quotas, subsidies or other opportunities for profit may promote harvest, but may require monitoring to ensure harvest is from within barrens. Incentivizing harvest could help ameliorate costs of sea urchin removals and therefore increase the feasibility of restoration.



Utilizing Urchins From Barrens

Developing uses for sea urchins removed from barrens would provide additional opportunities and incentives for their harvest and provide a less wasteful option than culling. A few possibilities are outlined below:


Harvest for Consumption

Commercial harvest of some species of sea urchins has been shown to reduce densities and promote kelp recovery (Wilson and North, 1983), and prevent barren formation (Keane et al., 2019). However, the roe of urchins from barrens is typically of poor quality, and thus of limited value for food or market (Claisse et al., 2013; Pert et al., 2018; Ling et al., 2019). As a result, fishermen typically do not harvest urchins from barrens, preferring to harvest urchins from within or on the borders of kelp forests to optimize quality of product (Pert et al., 2018; Byrne and Andrew, 2020 and references therein). Thus, in many cases harvest from urchin barrens may be an unlikely solution for kelp restoration. However, harvest at kelp restoration sites could play a role in keeping urchin numbers down if size and roe condition is initially marketable or improved following initial urchin removals. Fishermen have reported better quality in areas that have been “thinned out” to lower densities (Miller and Abraham, 2011), lending support for rotational harvest (Andrew et al., 2002; Carter et al., 2007; Lisson, 2018) or spatial based management (Mooney, 2001; Andrew et al., 2002; Miller and Nolan, 2008).



Sea Urchin Translocation

Relocating sea urchins from barrens to kelp forests can improve roe condition (James and Herbert, 2009; Kino, 2010; Thomas, 2011; Agatsuma, 2020 and articles within, Blount et al., 2017). However, transplanting excessive urchin densities could harm new sites and expand overgrazing issues (Agatsuma, 2020). This technique would only be successful if there is a small ratio of barrens to kelp habitat; it would also incur additional costs. Thus, translocation may be ineffective for large-scale kelp forest restoration, but may be useful on small scales to improve roe quality.



Urchin Conditioning

Urchin conditioning or “ranching” has recently been proposed to utilize sea urchins from barrens. Sea urchins are harvested in poor condition and then “fattened” in laboratory or field settings for sale as food (Pert et al., 2018). Urchinomics, Inc. has recently received considerable press for proposing a business model for urchin conditioning (Urchinomics, 2020). Economic feasibility will depend on marketability and the relative natural availability, as conditioning may not be cost-effective as it relies on expensive infrastructure.



Other Uses

Without roe enhancement, sea urchins may be utilized for other purposes. Sea urchins can be used to ameliorate soils for agriculture (Garau et al., 2012) with further research underway at the University of Tasmania. Potential pharmaceuticals, bioactive compounds, and animal feed may provide broad applications; jewelry, dyes, and decorations could supply small markets.





Role of Sea Urchin Removal in Kelp Forest Restoration

Sea urchins are a major factor limiting kelp forests in many parts of the world (Filbee-Dexter and Scheibling, 2014) and overfishing of sea urchin predators is one of the major causes of this imbalance (Steneck et al., 2002; Steneck, 2020). Marine protection has been shown to be a viable but passive approach to restoring kelp forests (Shears and Babcock, 2002; Behrens and Lafferty, 2004; Edgar et al., 2009), but this can take decades following recovery of previously fished predators within MPAs (Babcock et al., 2010; Malakhoff and Miller, 2021). In temperate regions where sea urchin barrens are common, sea urchin removal could be a valuable tool for kelp forest restoration, both in isolation and in conjunction with other management approaches such as MPAs (Figure 7). The application of urchin removal as a restoration tool and approach used will depend on the objectives of kelp restoration projects. If the restoration goal is simply to restore kelp to rocky reefs, then this can likely be achieved solely through ongoing sea urchin removal. Sea urchin removal is also expected to be beneficial for some species that are strongly habitat dependent, but increasing habitat alone will not increase abundances of species that are primarily limited by high fishing pressure. Therefore, while urchin removal is effective at promoting kelp recovery, it will have limited potential on its own for restoring the original ecosystem state and function (see Bayraktarov et al., 2016). Kelp forests with only the “ghosts of missing animals” (Dayton et al., 1998) may not be considered a restoration success. Consequently, for urchin removal to provide a wider role in kelp forest restoration it would be best used as a component of a larger restoration plan.
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FIGURE 7. Approaches to restoration of kelp forests in urchin barrens. Marine protection provides a passive approach to kelp forest restoration, whereas sea urchin removal can be used in several ways to actively promote kelp forest ecosystem recovery. The costs, labor, speed of kelp recovery, biodiversity benefits and long-term resilience will depend on the urchin removal approach used and integration with other management measures (e.g., urchin harvest and marine protection). If other stressors limit kelp recovery following sea urchin removal, additional restoration methods may be necessary to actively promote kelp recovery (right). Illustrations by M. Perocheau and S. Ruste.


Restoration objectives should be clearly defined and the methods used should reflect these aims. Single sea urchin removal will incur only low to moderate labor and costs and may promote rapid kelp recovery, but effects may be temporary as kelp forests will be vulnerable to reinvasion of sea urchins, and biodiversity benefits will be limited (Figure 7). Ongoing sea urchin removals can improve kelp resilience and biodiversity (Figure 7) and enhance the quality of remaining sea urchins, creating opportunities for ongoing harvest of sea urchins from restoration sites (Claisse et al., 2013). These benefits will be dependent on continuation of removal and harvest; once this stops, the restored site can revert back to sea urchin barrens. Ongoing removals will require additional labor effort and costs; however, costs may be neutralized if sea urchins are of marketable quality and can be harvested. While ongoing urchin removals or harvest can provide some ecological and economic benefits, ongoing fishing pressure at restoration sites for other species is likely to prevent restoration of full ecosystem function (e.g., biodiversity, predator abundance).

Combining sea urchin removal with other management tools (Figure 7), such as marine protected areas (McClanahan et al., 2002) or predator protection and enhancement programs (Johnson et al., 2013), provides an opportunity to speed up kelp recovery and maximize long-term biodiversity benefits. Marine protection strategies can most effectively restore trophic cascades and ecosystem function and with minimal cost and no labor, but on their own are slow and context-dependent (Shears et al., 2008). When urchins are removed, the rate of macroalgal recovery (canopy species) on temperate reefs is on average 18.5 ± 2.0 months (Ling et al., 2015), close to an order of magnitude faster than the potential decadal time spans for trophic cascades to occur through marine protection alone (Shears and Babcock, 2003). Thus, urchin removal with marine protection provides both rapid kelp restoration with long-lasting kelp forest resilience, restoring maximum ecosystem services (Figure 7).

In cases where additional stressors inhibit kelp growth in urchin barrens, other restoration approaches may be needed to facilitate kelp forest restoration following urchin removal (Box 1, Figure 7). While sea urchins initially created barrens, changing environmental conditions (e.g., increased temperature or storms, eutrophication, pollution, invasive species, lack of kelp propagules, other herbivores) may prohibit kelp recovery following sea urchin removal or create different responses in the future (Strain et al., 2015). In some cases, environmental mitigation strategies can be implemented to reduce these stressors but may be slow to enact or require more resources than a restoration plan allows. Active kelp reseeding and enhancement methods provide additional tools that can be used to promote kelp recovery following sea urchin removals (Guarnieri et al., 2014; Medrano et al., 2020); see reviews in Eger et al. (2020) and Morris et al. (2020). These include transplanting or re-seeding of kelps from wild or cultured stocks, with the potential to develop novel strains that can cope with changing environmental conditions.

Globally, research to improve kelp forest restoration techniques is growing, yet sea urchin removal may provide some of the most effective and cheapest means within urchin barrens. If it is determined to be an appropriate approach for promoting kelp forests, sea urchin removal should be done in a manner to maximize effectiveness and likelihood for success (Box 3). With increasing loss of kelp forests globally, effective restoration strategies are needed to mitigate their declines and improve long-term resilience. As kelp forests support many of our temperate coastal ecosystems, many species (including humans) depend on their vitality. The vast array of kelp forest benefits (e.g., high productivity, ecosystem foundation, carbon sequestration, support of coastal fisheries) suggest the use of sea urchin removal, in combination with other management and restoration approaches methods, is warranted in many situations.


Box 3. Guidance for projects using sea urchin removal from barrens.

If urchin removal is to be used for kelp restoration, one must consider the best approach to remove them quickly and cheaply, with the fewest negative externalities. The aims of a project need to be specified, the root causes of urchin barrens need to be addressed, and the costs and benefits of different removal methods need to be weighed. Single removals may be sufficient to prevent or slow barren formation, but removals alone will typically have little long-term benefit for meeting biodiversity objectives. Greatest restoration outcomes will be achieved if combined with other measures.

Six main considerations will help to plan and implement urchin removal restoration projects:

1. The objectives and goals of restoration need to be clearly defined. These will determine sites, methods used and the importance of scale, costs, availability of labor, environmental impacts, and utilization of urchins.

2. Discrete and/or large areas must be cleared to minimize reinvasion. Sites should be selected to minimize reinvasion (e.g., complete removal from barrens, minimize edge effects, natural barriers to entry). Removals are most effective when barrens are small and urchins can be removed from discrete patches of barrens; where barrens are extensive, removals need to be large to reduce reinvasion.

3. Removals, regardless of method, need to reduce sea urchin densities close to zero. Partial removals are not effective due to hysteresis; thus, sea urchin densities must be below the threshold which can maintain barrens.

4. Sites need to be monitored for urchin reinvasion and kelp growth, and more than one removal may be required. Densities must be kept low until kelp is restored. If kelp propagules are limited, additional enhancement approaches may be necessary.

5. Sea urchins may be utilized. Harvesting urchins for consumption or other uses creates incentives and ensures sea urchins are not wasted. If initial harvest is not viable due to poor roe quality, restoration plans may include subsequent harvest if roe quality improves.

6. Urchin removal may be only a temporary solution unless a part of a larger restoration plan. Urchin removal does not address the root cause of urchin population growth, and thus additional measures will likely be necessary to increase biodiversity and ecosystem resilience. For example, it can be used in conjunction with:

a. Urchin harvest (removals can improve remaining sea urchin quality);

b. Restoration of predators through reintroduction or reduced harvest (predators control);

c. Implementation of marine protected areas (jump-start kelp recovery and increase; biodiversity and resilience);

d. Other kelp restoration approaches (transplanting, seeding, competition removal); and

e. General improvement of environmental conditions (addressing abiotic or biotic stressors).




Conclusions

A variety of methods have been used to remove sea urchins over the last 60 years and typically urchin removal was found to lead to macroalgal regrowth within urchin barrens. Consequently, when urchin grazing is the main factor limiting kelp growth, urchin removal provides a simple and relatively cheap approach to promoting and initiating kelp forest restoration. The method and scale of urchin removal will depend on site- and region-specific conditions and what is considered the most practical, culturally appropriate, and effective approach to meet kelp restoration objectives. While urchin removal may promote rapid macroalgal regrowth within urchin barrens, in order to provide long-term ecosystem benefits (including productivity, complexity and diverse ecosystem services), urchin removal will need to be combined with other management strategies that increase biodiversity and kelp forest resilience such as marine protection or ongoing urchin harvest. Kelp forest restoration initiatives are increasing globally with the aim of restoring kelp forests that are resilient to current stressors and stressors associated with a changing climate. Based on our review, we provide recommendations on how sea urchin removal can most effectively be used to control sea urchin densities and promote the long-term resilience of kelp forests with their associated biodiversity and ecosystem services. Unbridled, these “spiny enemies” can raze kelp forests, but at lower densities they remain as an integral part of the ecosystem and provide important food and cultural resources.
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