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This article reviews a suite of studies conducted in a network of coastal Marine Protected Areas (MPAs) in Skagerrak, Southeast Norway. In 2006, Norway’s first lobster reserves were implemented, with the aim of protecting European lobster (Homarus gammarus) through a ban on fixed gear. A before–after control-impact paired series (BACIPS) monitoring program was initiated to evaluate effects of protection on depleted lobster populations. Experimental trapping and capture-recapture techniques were combined to track demography of populations, also including movement of individuals within and beyond MPAs and adjacent control areas. Further, population genetics and parentage studies were applied, allowing for estimation of gene flow, and novel work on sexual selection in lobsters. Additional studies have evaluated MPA effects on coastal cod (Gadus morhua), and on commercially harvested labrids (Ctenolabrus rupestris and Symphodus melops) and anadromous brown trout (Salmo trutta). Together, these studies reported effects of protection pertaining to increased population density, survival, body size and phenotypic diversity, changes in emigration and interaction with surrounding fisheries, and alteration of selection pressure on morphological- and behavioral traits. Designation of MPAs in close collaboration with fishers and managers, long-term monitoring, inclusion of citizen science and evolving research protocols—also including fisheries data—have revealed novel effects of protection and harvesting on marine populations, thus providing substantial contributions to conservation science. Moreover, knowledge of MPA effects on coastal species has impacted harvest regulations showing the utility of MPAs as empirically documented management tools in Norway.
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INTRODUCTION

Fishing is well established as the driver having had the most impact on biodiversity in marine systems in the past 50 years (IPBES, 2019). Recognizing previous heavy exploitation as a reason for depressed levels of abundance is fundamental for taking appropriate management action. However, a lack of locally relevant scientific data on the potential contrast to the present-day depleted state of ecosystems has been considered an obstacle to set appropriate management targets for their recovery (Thurstan and Roberts, 2010). Chronic harvesting represents an impediment to observation of targeted species’ natural population dynamics, life-history patterns and -strategies. Marine Protected Areas (MPAs)—areas in the sea that forbid some or all extractive activities are highly useful tools to obtain valuable baseline information on marine populations (Lubchenco et al., 2003; Fenberg et al., 2012; Baskett and Barnett, 2015). Studies conducted in conjunction with the introduction of MPAs have been shown to be useful tools for research and management (Claudet et al., 2008; Babcock et al., 2010; Edgar et al., 2014), e.g., allowing modeling of possible outcomes of different harvest regulations for Atlantic cod Gadus morhua (Fernández-Chacón et al., 2015), and demonstrating benefits of protecting large bodied European lobster Homarus gammarus (Sørdalen et al., 2018).

Replicated control vs. impact study designs are powerful tools in environmental impact assessment, and since the early beginnings of the marine conservation science discipline, studies using before–after control-impact (BACI) have been suggested (Jones et al., 1992). The strength of BACI-type approaches in environmental impact assessment is the unequivocal detection of change in an “impacted” site from before impact to after, when compared to a control location where the impact persists. In a marine conservation setting, the “impact” will typically be represented by the removal of one or more anthropogenic disturbances, such as all or part of the harvesting occurring in an ecosystem. Modifications and refinement of the analytical framework associated with the BACI approach (Stewart-Oaten et al., 1986) were described by Underwood (1992, 1994) who expanded on asymmetrical designs with multiple controls to account for spatial heterogeneity and temporal variance that has nothing to do with the human disturbance (or its removal). Russ (2002) proposed a replicated BACI-approach as the “gold standard” in marine conservation science. As more time-series information became available from marine conservation sites (Babcock et al., 2010), it supported a notion that time is essential both for development and discovery of MPA effects (Claudet et al., 2008; Kaplan et al., 2019; Barceló et al., 2021). The BACI framework was thus expanded to include before-after control-impact paired series (BACIPS), involving time series data collected inside and outside in replicated sites (Osenberg et al., 2011; Thiault et al., 2019). Importantly, as highly valuable by-products of unequivocally demonstrated population effects from BACI-type approaches, studies using the same populations in the “after” state can contribute to novel insights regarding less obvious effects of the contrasting management regimes such as restoration of selection pressures (see Sørdalen et al., 2018, 2020).

In the early 2000s, European lobster (H. gammarus) census indicators reached an all-time low for southern Norway—and as assessment indicated a population size likely lower than 10% of the historical maximum, the species was red listed as “near threatened” according to the IUCN (International Union for Conservation of Nature) criteria (Oug et al., 2006). Motivated by the dire situation lamented by fishers in Norway’s south eastern Skagerrak region, and inspired by experiences gained from early protection trials in Lysekil, Sweden (Moland et al., 2013b), the first lobster reserves (as MPAs banning all gear types except hook-and-line) were established in Norway (Pettersen et al., 2009; Knutsen et al., unpublished). The objectives were to test whether spatial protection could indeed confer population benefits to lobster and provide information on the impact of the prevailing harvest pressure exerted on lobster in adjacent areas open to fishing. Additionally, it was proposed by participating scientists that partial protection imposed through the ban on fixed gear might confer quantifiable benefits to cod and potentially other harvested fish species. In 2004, population surveys began in proposed sites to evaluate their suitability, and from 2006 a replicated BACIPS design with paired lobster reserves and adjacent control areas have been monitored annually (see section “Study System and -Species”). Motivated by the early reported positive effects of MPAs on lobster, Tvedestrand municipality designated 15% of its coastal waters to protection in 2012 and became Norway’s first to implement a no-take zone providing full protection for the fish and crustaceans assemblages. Since publication of the first scientific paper documenting the initial effects of protection on European lobster (and Atlantic cod) in 2013 (Moland et al., 2013a), there has been a steady growth in designations of lobster reserves as local management tools in Norway with 54 areas covering 84 km2 implemented to date in total (Knutsen et al., unpublished).

Herein we review and summarize a suite of studies performed in conjunction with the designation of the first coastal MPAs in Southern Norway. Early effects of MPAs have been detected as indicated by population increases and shifts in age- and size-structure of protected populations. With time, the monitoring work has enabled (1) detection of longer-term demographic effects of protection, and (2) investigations into effects of the shifting selective “landscape” shaping individual traits disparately within protected and harvested populations. We discuss these findings considering MPA size and spacing in light of local population dynamics and -structure. We call for well managed MPAs as crucial to a holistic ecosystem approach to fisheries management, and as a nature-based solution to the challenge of restoring coastal populations and ecosystem function.



STUDY SYSTEM AND -SPECIES


Study System

Skagerrak is characterized by harboring a portfolio of once productive local fish and shellfish stocks in depleted states (Kleiven et al., 2012; Rogers et al., 2014; Cardinale et al., 2017). At present, Skagerrak is under high pressure from intensive bottom trawling for northern shrimp Pandalus borealis which constitute the last economically viable fishery in this miniature deep sea (Knutsen et al., 2015; Kroodsma et al., 2018). In addition, environmental change influenced by land use in Skagerrak’s large catchment is exacerbated by climate change (Frigstad et al., 2020).

Although several definitions of MPA networks exist, they commonly refer to an integrated system of multiple protected areas, often designed to conserve regional biodiversity, and ecosystem function across habitats (Olsen et al., 2013). The studies reviewed herein were conducted in a network—in the sense of a collection of independent MPAs located on the Norwegian Skagerrak coast, mostly in the outer coastal seascape, potentially connected by gene flow (Figure 1). Capture of lobster has been effectively banned in the MPAs through gear restrictions, with only hook and line fishing allowed in the partially protected areas also alleviating harvest pressure on several fish species (Pettersen et al., 2009; Moland et al., 2013a; Fernández-Chacón et al., 2015; Halvorsen et al., 2017). The first designated MPAs (Figure 1 and Table 1, sites A–C, E) were established to generate knowledge on the development of lobster populations in areas unaffected by extractive fishing: Flødevigen in Agder county, the Bolærne archipelago at the mouth of the Oslo fjord in Vestfold and Telemark county, and the small island Kvernskjær in the Hvaler archipelago, in Viken county. Control areas are located adjacent to these and separated from MPAs by distances of 1,700, 850, and 2,250 m (from MPA center to control area center) in Flødevigen, Bolærne and Kvernskjær, respectively. A fourth MPA was established in Risør, in Agder county (Figure 1 and Table 1, site C).
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FIGURE 1. Maps of MPAs in Skagerrak reviewed herein, drawn on equal scale, presented in sequence according to position along the Norwegian Coastal Current: (A) Kvernskjær, (B) Bolaerne, (C) Risør, (D) Tvedestrand, (E) Flødevigen. Colored squares in upper left corner represent an area equivalent to 1 km2 in maps (A–E). Dark pink polygons represent the MPAs established in 2006 (e.g., in A–C,E); areas expanded or implemented at later dates (Table 1) are in light pink, while the no-take zone is shown in yellow. Prevailing ocean currents and implied larval drift/gene flow is represented by green arrows. For information on control areas, see the studies listed in Table 2.



TABLE 1. Name and location of MPAs used as study sites in the reviewed literature listed from East to West in Skagerrak.
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The fifth site covered by this review encompasses the sea areas of Tvedestrand municipality (Figure 1 and Table 1, site D), which initiated a zoning plan with MPAs implemented in 2012. A larger MPA (4.9 km2) was established in the municipality’s outer coastal zone, motivated by the early successes in small-scale experimental MPAs in Skagerrak (Nillos Kleiven et al., 2019). Also included in the zoning and covered by this review is the no-take zone in the Tvedestrand fjord, prohibiting all types of fishing. Surrounded by MPAs allowing hook-and-line-type fishing gear, the no-take zone enables studying effects of protection on fish (Figure 1 and Table 1). An acoustic telemetry array consisting of 56 acoustic receivers is deployed in the fjord, also including the no-take zone (for details, see Villegas-Ríos et al., 2017b; Thorbjørnsen et al., 2019; Freitas et al., 2021).

Since designation of the first set of MPAs, the areas have been subject to a range of studies designed to increase knowledge regarding the effects of protection for a collection of species that are targeted in Skagerrak fisheries (Table 2). Enforcement of MPAs is based on collaboration between the Directorate of Fisheries, the Coast Guard and local police. In these MPAs, only a few instances of poaching have been noted, mostly as a result of ignorance of MPA borders and regulations.


TABLE 2. Species and MPA effects reported in the reviewed literature based on BACI-derived study designs.
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Study Species

European lobster (H. gammarus) (hereafter, lobster) is a large, long-lived sexually dimorphic crustacean and highly sought-after in Northern Europe’s commercial and recreational fisheries. In response to declining catches, a variety of management measures have been adopted such as closed season, gear restriction, and minimum (25 cm) and maximum (32 cm, in Skagerrak only) legal-size limits. Lobsters are solitary, territorial and typically live within limited shorter-term (<1 years) home ranges (∼0.02 km2) once they settle into a suitable habitat (Moland et al., 2011; Skerritt et al., 2015). Longevity may span several decades (Sheehy et al., 1999). Spatial genetic structure throughout the species’ range in Europe is limited, with only a weak differentiation between larger regions of the Swedish Skagerrak and the Atlantic areas to the west, with the population in Norway being a mix of these two (Ellis et al., 2017). In Skagerrak, the species is targeted in an intensive trap fishery, dominated by recreational fishers (Kleiven et al., 2012) exerting high levels of fishing mortality on legal lobsters (Wiig et al., 2013). Recent work combining an experimental evaluation of technological creep in the trap fishery with long-term CPUE time series suggest that coastal populations are in a severely depleted state compared to historical abundances (Kleiven et al., unpublished). Monitoring of lobster populations in MPAs and control areas (2005 to present, Figure 1 and Table 1, sites A, B, E) consisted of a standardized capture-recapture sampling program conducted annually in mid-August to September. Lobsters were caught using mackerel-baited parlor pots placed at the bottom at depths between 8 and 30 m, tagged with external tags for individual identification and released at the capture locations (for more details, see Moland et al., 2013a; Sørdalen et al., 2018).

Coastal Atlantic cod (G. morhua) (hereafter, cod) is a demersal generalist predator with severely depleted populations in Skagerrak (Olsen et al., 2009; Knutsen et al., 2018; Barth et al., 2019; Perälä et al., 2020). The coastal cod population complex in Skagerrak consists of two genetically and biologically distinct but coexisting ecotypes. They both occur in the outer sections of the coast but gene flow among them is limited. Coastal cod typically exhibit stationary movement behaviors compared to more mobile oceanic populations (Rogers et al., 2014; Villegas-Ríos et al., 2017b). The “fjord” ecotype seems to be more sedentary and stationary than the “North Sea” ecotype (Kristensen et al., 2021). Among these populations, age at 50% maturity varies from 2 to 4 years; whereas body length (BL) at 50% maturity varies from 35 to 60 cm (Olsen et al., 2004; Roney et al., 2016). In Southern Norway, coastal cod is legally caught when greater than or equal to 40 cm minimum legal size (MLS) by the full range of gear (Fernández-Chacón et al., 2017). For the studies reviewed herein, cod (size range: 16–97 cm) were captured, from April to July (2005–2013), using fyke nets (Danish type, designed for eel capture), tagged with external tags for individual identification and released at the capture location. Tagging and recaptures occurred every year simultaneously at the MPA (Figure 1 and Table 1, site E) and outside control areas (for more details, see Moland et al., 2013a; Fernández-Chacón et al., 2015).

Goldsinny wrasse (Ctenolabrus rupestris) and corkwing wrasse (Symphodus melops) are key mesopredators on rocky reef habitats and used as cleaner fish in salmonid aquaculture to control sea-lice infestations (Gjøsaeter, 2002; Halvorsen et al., 2020). The salmonid aquaculture industry demand for wild caught wrasse increased considerably from 2010, when salmon lice developed resistance to various delousing chemicals, and the fishery for wrasse as cleaner fish grew to its present size in absence of fundamental knowledge on demography and abundance of the targeted wrasse populations in Norwegian waters. To assess the consequences of harvesting, Halvorsen et al. (2017) sampled the wrasse populations in marine protected areas (Figure 1 and Table 1, sites C–E) and adjacent control areas on the Skagerrak coast in Southern Norway. The survey was conducted toward the end of the fishing season in 2013, with fyke nets and baited traps set at shallow depths, mimicking the fishing methods of the commercial wrasse fishery. Recent mark-recapture work shows that these labrids have very high site fidelity and the spill-over to adjacent fished areas is probably minimal (Halvorsen et al., 2021).

Brown trout (Salmo trutta) is a salmonid fish that either spends its whole life in fresh water or adopts an anadromous strategy largely motivated by access to more food (Olsen et al., 2006; Thorstad et al., 2016). Anadromous trout are commonly known as sea trout. Sea trout were caught around the center islands of the Tvedestrand fjord both inside and outside the no-take zone (2013–2016, Figure 1 and Table 1, site D). Individuals were captured in the fjord using a beach seine to minimize potential selective fishing of any behavioral type, and by electrofishing in the spawning river. Individuals were anaesthetized with clove oil before being tagged internally with an acoustic transmitter (Vemco V9P/V13P, for details, see Thorbjørnsen et al., 2019, 2021).



MPA IMPACTS


Population Density

The studies reviewed herein used catch-per-unit-effort (CPUE) as an indicator of abundance or population density in MPAs versus control areas (Table 2). Moland et al. (2013a) showed a 245% average increase in CPUE for lobster over the first 4 years of protection, versus 87% increase in control areas. Recently, Fernández-Chacón et al. (2021) applied a robust design model to the capture-recapture time series data to estimate annual abundances (corrected for imperfect detection) in the same areas (2006–2014). The results indicated that abundance levels increased after protection—albeit highly variable among MPAs. It also confirmed that the CPUE-based estimates for the first 4 years were indeed a realistic approximation of the average abundance increase.

A CPUE-based indicator also demonstrated an effect of partial protection on fish. After implementation, the Flødevigen MPA acquired and retained the highest probability of catching at least one adult cod per research trap compared to the three outside control areas open to harvesting (for details, see Moland et al., 2013a), indicating a survival benefit to cod protected from all but hook-and-line gear (see section “Survival Benefits”). For the two wrasse species commercially harvested as cleaner fish, C. rupestris and S. melops, Halvorsen et al. (2017) demonstrated higher CPUE in MPAs (banning fixed gear types) relative to adjacent controls, indicating that the fishery to some extent depletes local site-specific populations in areas open to harvesting. MPAs generally had higher abundance of the two wrasses, with the CPUE of goldsinny being 33–65% higher within MPAs, while ranging from 16% lower to 92% higher in MPAs for corkwing. This was the first study to assess the impact of this fishery and demonstrated the value of MPAs when coastal areas are faced with new, and unexpected stressors from profitable industries.

Although often used in fisheries research and capture-based monitoring studies, CPUE can be a problematic indicator as it relies on the catchability of the species in question (Maunder et al., 2006). In addition, it is difficult to estimate the rate at which change in CPUE is related to the real and unobserved change in abundance. However, in balanced designs with temporally overlapping sampling and standardized effort as used herein, CPUE should yield meaningful information on changes in abundance with time. Spatial heterogeneity in population responses was evident in the studies utilizing the long-term monitoring data collected in the original lobster reserves (Moland et al., 2013a; Fernández-Chacón et al., 2020, 2021). This underscores the utility of proper design choices and adequate replication in studies assessing MPA-effects.



Long-Term Effects on Demography


Survival Benefits

Using an array of acoustic receivers, Huserbråten et al. (2013) provided early demonstration of residency and high annual survival rate of acoustically tagged lobster in the Kvernskjaer MPA (0.5 km2). Population monitoring with capture-recapture allowed for modeling of vital rates in longer term studies. Moland et al. (2013b) found a linear positive trend in survival with body size in lobster in a Swedish MPA (Kåvra), with an additive effect of sex implying that females have lower natural mortality than males. Catchability (in research traps) was found to be higher in males in the same data, while the capture-recapture modeling applied to the data revealed that although caught less—and thus observed less than males in catches—the female population had higher survival, most likely due to lower growth rate and less risk prone behavior (Biro et al., 2014; Biro and Sampson, 2015). The same sex-specific differences in lobster survival and catchability were found in a recent study using capture-recapture data collected in the Norwegian Skagerrak (Fernández-Chacón et al., 2021), confirming this pattern for the species. In this case, they also reported, from one MPA that survival increased by 125.2 and 78.5% after protection for large-sized (>25 cm) males and females, respectively. Similarly, the capture-recapture data allowed Fernández-Chacón et al. (2015) to estimate the implicated survival increase conferred to cod, constituting 167 and 83% for small (<45 cm) and large cod (=45 cm), respectively (see Figure 2C) compared to “before,” with no change in the control areas.
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FIGURE 2. Population effects of MPAs before and after MPA implementation: (A) size-structure indicator (90 percentile) of H. gammarus in three MPAs (triangles) and three control areas (circles) in Skagerrak (modified from Fernández-Chacón et al., 2020); (B) cross-border abundance gradient in H. gammarus (modified from Nillos Kleiven et al., 2019); (C) average survival rates of G. morhua in a MPA and multiple control areas; and (D) development in emigration probability of G. morhua tagged inside a MPA (modified from Fernández-Chacón et al., 2015).




Recovery of Size Structure

Rebuilding of age- and size structure are hallmarks of lowered harvest pressure incurring lowered mortality in any harvested animal population (see Francis et al., 2007 and references therein). In southern Norway, at the onset of the monitoring time series, lobster was managed with a 24 cm total length (TL) minimum legal size (MLS). Harvested populations were thus characterized by few larger individuals. An increased average body size (13%) of lobster in MPAs relative to controls was evident after 4 years of protection from the annual lobstering season (Moland et al., 2013a), an effect somewhat dampened by introduction of a 25 cm MLS in 2008. Thorbjørnsen et al. (2018) presented “before” (2006) and “after” (2014) data on the demography of lobster in the three original MPAs, demonstrating a substantial widening of the size structure in the protected populations compared to the harvested before-state. By 2014, the average size increase in MPAs was 15% compared to 1% in control areas. More recently, Fernández-Chacón et al. (2020) analyzed body size data of tagged lobster sampled from 2004 to 2015 in all MPA-Control area pairs and reported a rapid change in the size structure characterized by an increase of the large-sized fraction of the population (see Figure 2A) with a subsequent increase in mean size. Overall, the diversity of sizes tended to increase inside protected areas. The study by Moland et al. (2013a) also detected a significant rebuilding of size-structure of cod inside one of the lobster reserves, where only hook and line fishing is allowed. Outside the reserves, both age- and size-structure of cod is severely truncated (see also, Olsen and Moland, 2011) as typically seen under intense harvest pressure (see “Harvest Selection on Phenotypes”).



Interaction With Surrounding Fisheries


Emigration

The initially implemented MPAs were small (∼0.5–1.1 km2), and since the onset of the research capture and tagging of lobster, recoveries have been reported from fishers operating outside of the MPAs or in adjacent control areas. Huserbråten et al. (2013) quantified the emigration from MPAs (Figure 1 and Table 1, sites A, B, D) and found that during the initial 6 years of protection 4.7% of tagged individuals emigrated from MPA sites. Both Huserbråten et al. (2013) and Thorbjørnsen et al. (2018) reported a highly left skewed distribution of movement behaviors, with the majority of individuals recaptured (in research traps) close to their tagging location. However, movement up to 24 km away from tagging location was reported (range: 34–24,670 m) by fishers recovering tagged lobsters. Whereas emigration by lobsters seemed stable over time at ∼4–5% of tagged individuals during the first 4–6 years of protection, the capture-recapture data on cod in the Flødevigen MPA analyzed by Fernández-Chacón et al. (2015) revealed an increasing tendency (annual probability) for cod to emigrate with time after MPA establishment (Figure 2D). This was attributed to ontogenetic and/or density dependent movement of tagged individuals.



Spillover of Biomass

Benefits of MPAs have been reported as net contribution to spiny lobster fishery catches through spillover (Goñi et al., 2010). Thorbjørnsen et al. (2018) compared cases of emigration and subsequent recovery by fishers for MPAs and control areas from 2006 to 2014. While there was no difference in movement rates between MPAs and control areas, the lobster emigrating from MPAs to fished areas were significantly larger (1.19 cm, p < 0.005) than lobsters emigrating from control areas.



Cross-Border Abundance Gradient

Nillos Kleiven et al. (2019) used experimental lobster fishing with randomized trap deployments in a wider area inside and around the outer Tvedestrand lobster MPA before and after implementation. The aim was to test for an effect gradient from inside- to far outside the MPA in a before-after-gradient (BAG) design (Ellis and Schneider, 1997). After 4 years, lobster abundance measured by CPUE increased significantly by a factor of 2.6 inside the MPA, with a decreasing gradient toward the border and into the fished areas outside. CPUE values in fished areas further away (3 km) remained similar to values before MPA establishment. However, a depression of population density developed at the MPA border compared to before data (Figure 2B). Using the effort data, the depression in density could be explained by the increased fishing effort close to the reserve border. The study thus demonstrated the effect of “fishing the line” (sensu Kellner et al., 2007)—possibly even penetrating into the MPA, and the need for effort control in areas surrounding MPAs.



Redistribution of Effort

In 2009, 3 years prior to implementation of the Tvedestrand zoning scheme, a study was carried out in which all traps deployed throughout the municipality seascape by commercial and recreational fishers during the first week of the lobstering season were registered. Repeating the same study in years 2, 3, and 4 after MPA implementation, Nillos Kleiven et al. (2019) were able to document a ∼80% increase of effort (trap numbers) in the total area, and pinpoint the appearance of fishing hotspots with a threefold increase in trap density. The highest increase was near the borders, indicating a shift in the preferred fishing areas.



Harvest Selection on Phenotypes


Body Size

Fernández-Chacón et al. (2020) provided size-dependent survival estimates of lobster in both MPA and control areas in Skagerrak, together with the shape of the relationship between survival and total body length. They documented significant negative relationships between survival and body size at the control areas but not in the MPAs, where the effect of body size was predominantly positive, and concluded that MPAs are a viable management approach for protecting against fisheries-induced selection, through the spatial refuge in both size-dependent and overall mortality.



Mating Patterns and Sexually Selected Traits

MPAs, in combination with control areas, can also be useful as field laboratories for understanding how fishing can affect mating systems of species. For instance, as lobsters have become more numerous and grown to larger sizes in the MPAs (Fernández-Chacón et al., 2020, 2021), the opportunity and scope for mate choice should also increase. In a parental assignment study conducted in Flødevigen, Sørdalen et al. (2018) found a female preference for males with larger body sizes, but that the relative size difference between females and males of mated pairs (the size-assortative mating pattern) were significantly larger in the reserve compared to mated pairs in the control area (Figure 3A). They also found positive selection differentials on male body- and claw size inside the MPA, but not in the control area, implying that size has less influence on male mating success in fished areas—most likely because fisheries-induced selection weakens female choice and the competition between males. Furthermore, estimations of sexual selection gradients on male traits uncovered selection to be acting strongest on relative claw size (claw size relative to body size), rather than on absolute claw and body size. This trait was later linked to an increased risk of being captured in the fishery (Moland et al., 2019), and the finding that male lobsters have up to 8% larger claws inside MPAs compared to similarly sized males in fished areas (Sørdalen et al., 2020). In sum, these findings strongly suggest that MPAs can be an effective means to preserve functional mating patterns, as well as restore and maintain diversity in sexually selected traits.
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FIGURE 3. Evidence of altered selection landscapes in MPAs: (A) size-assortative mating in H. gammarus inside and outside a lobster reserve. Data points are mating confirmed by genetic parentage studies on lobster populations in protected (blue) and harvested (orange) states. Stippled line denote isometry (Y = X) where females and males are equal in size (modified from Sørdalen et al., 2018); (B) disparate protection potential (proportion of time spent in a no-take MPA) with increasing home range size in S. trutta tagged inside (blue, circles) and outside (orange, triangles) of the no-take zone in Tvedestrand fjord (modified from Thorbjørnsen et al., 2019).




Behavioral Traits

A series of studies conducted in conjunction with the MPAs aimed to investigate the effects of protection beyond demography and life-history traits. Villegas-Ríos et al. (2017a) suggested that protection might induce behavioral changes in favor of less mobile phenotypes in the protected population resulting from three processes/assumptions. First, individuals differ in their tendency to move, and therefore to leave the MPA and be exposed to the fishery outside. This idea is now widely recognized as several studies have demonstrated repeatability of movement traits such as dispersal tendency or home range size in several fish and aquatic invertebrates, including cod and lobster (Harrison et al., 2015; Villegas-Ríos et al., 2017b; Moland et al., 2019). Second, individuals with a smaller home range would spend more time under protection and thus increase their fitness, as shown by Villegas-Ríos et al. (unpublished). However, the potential for protection depends on the location of the home range. Thorbjørnsen et al. (2019) showed that the degree of potential protection conferred to sea trout by a no-take zone increased with home range size in sea trout initially tagged outside of the no-take zone (Figure 3B). Last, movement traits must be at least partially heritable to affect population behavioral composition over time, which seems to be the case across species and taxa according to a recent metanalysis by Dochtermann et al. (2019). Using sea trout as a model species, Thorbjørnsen et al. (2021) showed that home range size represented a personality trait that also affected survival differently depending on how much time the fish spent in the reserve. Having a larger home range led to a decrease in survival for individuals spending more time in the reserve, while having a larger home range led to an increase in survival for individuals spending less time in the reserve. To preserve behavioral variation in a population, a mosaic of marine protected areas and areas open to harvest was suggested as a management tool (Thorbjørnsen et al., 2021).



DISCUSSION

Over the course of 16 years since the first before data were collected in designated experimental MPAs in Skagerrak, the network of MPAs described herein have allowed for substantial contributions to marine- and fisheries conservation science. Early effects of MPAs have been detected as population increases and positive shifts in age- and size-structure of protected populations. With time, the BACIPS-designed monitoring work has enabled detection of (1) longer-term demographic effects of protection, and (2) shifts in the selective landscape shaping phenotypic traits disparately within protected and harvested populations. Although the BACIPS-design has been used effectively in other MPA studies, e.g., in ecological evaluation of MPA networks (e.g., Grorud-Colvert et al., 2014; Thiault et al., 2019), they remain rare. In their seminal study, Claudet et al. (2008) showed that sufficient time (and size) is essential for MPA-effects to develop. Investment in long-term monitoring is thus a worthwhile priority for any entity tasked with evaluation of MPA-effects. In the Northern Channel Islands, California, there is evidence for trophic redundancy attained through restoration of predator abundance and -size structure, especially in older MPAs (Hamilton and Caselle, 2015; Caselle et al., 2018; Eisaguirre et al., 2020). However, using an extensive BACI time series, Malakhoff and Miller (2021) recently suggested that despite increased predator density, trophic cascades have yet to develop in California’s northern Channel Island marine reserves after 15 years of protection. They suggested that more time, and/or recovery of more effective urchin predators might be needed to induce kelp forest trophic cascades. Long-term BACIPS monitoring studies are helpful in producing realistic expectations regarding the development of population- and ecological effects of MPAs.

Clawed and spiny lobsters have shown unequivocal positive response to protection in MPAs elsewhere (Shears et al., 2006; Goñi et al., 2010; Hoskin et al., 2011). Considering the recent and historical harvest pressure on coastal European lobster populations in Skagerrak (Kleiven et al., 2012; Kleiven et al., unpublished), it is likely that the positive effects of cessation of harvesting reported by studies reviewed herein were enabled by the combination of long-term historical depletion and high pre-closure fishing pressure in the sites (Jaco and Steele, 2020). While rebuilding of local lobster populations was the main goal when implementing the MPAs, the decreased harvest pressure in these areas also conferred effects on several fish species. Striving to test hypotheses of general interest to conservation science, we deem the study of lobster and sympatric fish species as case studies with attributes that are transferable to other aquatic species using the marine environment for all or part of their life cycle (e.g., Sørdalen et al., 2018, 2020; Thorbjørnsen et al., 2021). Two wrasse species, goldsinny (Ctenolabrus rupestris) and corkwing wrasse (Symphodus melops), both harvested to provide cleaner fish services in the salmonid aquaculture industry, showed moderate positive responses to protection in MPAs reviewed herein. Wrasse species targeted by fisheries have shown positive responses in other studies conducted in temperate MPAs, e.g., California sheephead Semicossyphus pulcher (Hamilton and Caselle, 2015; Jaco and Steele, 2020) and the Mediterranean wrasses Coris julis and Symphodus doderleini (Claudet et al., 2006). There is scope for further studies on the utility of MPAs to alleviate harvesting pressure and ensure ecosystem function and recruitment of wrasse species currently being heavily targeted by intensive fisheries in Southern and Western Norway.

Optimal MPA size and spacing has been a subject of much debate and scientific inquiry (see e.g., Gaines et al., 2010; Costello and Connor, 2019), also suggesting MPAs designed to benefit highly migratory species with known migration routes, aggregating behavior, and philopatry (Boerder et al., 2019). Interestingly, the relatively small Tvedestrand no-take zone was large enough to protect individual sea trout (Thorbjørnsen et al., 2019), hereby showing protective effects for an anadromous species. European lobster is generally a resident species showing high site-fidelity in shorter-term studies, both inside and outside of MPAs (Moland et al., 2011; Huserbråten et al., 2013; Wiig et al., 2013). Due to a relatively long pelagic larval duration of 3–8 weeks, there is high potential for long distance dispersal (Manel et al., 2019). Using molecular techniques, Huserbråten et al. (2013) analyzed lobster tissue samples from the Skagerrak coastline spanning the MPA network (∼400 km, Figure 1). The work revealed high gene flow among populations which suggested a potential for downstream recruitment benefits from the MPAs in study. Although the initially implemented MPAs seemed to be of sufficient size to confer observable population effects, the recent trend has been establishment of somewhat larger MPAs in outer coastal areas of Skagerrak (Knutsen et al., unpublished). Two of the MPAs reviewed herein were subject to recent expansions (2016 and 2020) resulting from processes initiated by local management bodies to ensure management-relevant scaling of MPAs for lobster (see Figure 1). While Olsen and Moland (2011) demonstrated limited home range size of cod in a coastal seascape, the longer-term work by Fernández-Chacón et al. (2015) showed a tendency for increased annual emigration probability with time—thus indicating that the 1.1 km2 Flødevigen MPA was too small to harbor coastal cod home ranges throughout- and past ontogeny. An effect of density dependence was also suggested as a partial explanation for the increased emigration probability. The sympatric cod ecotypes inhabiting coastal habitats in Skagerrak (Knutsen et al., 2018) seem to harbor differences in habitat, feeding ecology and movement behavior, where the “fjord” ecotype is associated with fjord habitat and benthic feeding ecology while the “North Sea” ecotype is associated with pelagic feeding and an higher tendency to migrate (Barth et al., 2019; Kristensen et al., 2021). There are knowledge gaps considering optimal design of MPAs tailored to these ecotypes’ movement ecology. Commonly found occupying the outer coastal seascape, the “North Sea” ecotype is also overrepresented in cod samples from the bottom trawl fleet (Jorde et al., 2018). The more migratory behavior suggested for this ecotype might require larger, continuous fjord-to-deep-sea transect type MPAs to provide protection throughout the life cycle. Subject to intensive bottom trawling (Kroodsma et al., 2018), it is uncertain whether cod or other depleted demersal fish species might recover in Skagerrak under the present management regime (Cardinale et al., 2017). However, motivation to implement sufficiently large MPAs banning bottom trawling might be gleaned from Öresund, Sweden. Here, a ban on bottom trawling in effect since 1932 has allowed cod to prosper, also during periods of adverse environmental conditions, with size and age structure otherwise unseen at present in the Skagerrak-Kattegat neighborhood (Lindegren et al., 2010; Sundelöf et al., 2013).

Using data from the Tvedestrand fjord MPAs, Villegas-Ríos et al. (2017b) suggested that a small no-take zone could be maladaptive for fjord cod by favoring behavioral phenotypes characterized by small home ranges. While testing this hypothesis for sea trout in the Tvedestrand fjord, Thorbjørnsen et al. (2021) suggested a seascape mosaic of marine reserves, partially protected areas and areas open to harvest as a management tool to preserve behavioral variation in a sea trout population. Preserving behavioral variation is important to maintain a population’s resilience to environmental change (Dingemanse et al., 2004). Fishes captured using hook-and-line can experience behavior selection against more active individuals (Alós et al., 2016), and MPA networks can help oppose this selection. Utilizing the same acoustic telemetry array in Tvedestrand fjord, Freitas et al. (2021) showed that summer peaks in sea surface temperature represent challenges for cod residing in a fjord environment, while ballan wrasse (Labrus bergylta) and Atlantic pollack (Pollachius pollachius) retained their movement behavior. During such periods, cod were confined to deeper, cooler water masses—away from shallow habitats preferred during autumn and winter. Future MPAs designed to protect cod and other demersal cold water species would benefit from being placed in sites that might act as “climate refugia” (Davis et al., 2021), where access to cool and well oxygenated water masses is likely to prolong habitat suitability in the face of increased environmental variability.

The recovery of size-structure and survival benefits reported from the studies conducted in the Norwegian Skagerrak all respond to a shift in size-selective mortality occurring within MPAs as a result of protection from fisheries. Baskett and Barnett (2015) reviewed the ecological and evolutionary consequences of marine reserves and noted the theoretical potential for protection against fisheries-induced evolution. Two findings reviewed herein support this notion. Using parental assignment, Sørdalen et al. (2018) showed a pattern of size-assortative mating in lobster which was much more pronounced in an MPA due to the recovery of size-structure. Moreover, relative claw size was found to be the best predictor of male mating success. This trait—large relative claw size—is both under sexual selection in natural states, and subject to harvest selection due to correlated behavioral traits that confer catchability in traps (Moland et al., 2019). Sørdalen et al. (2020) later showed that this sexually selected trait is rescued by absence of harvesting in MPAs. These pioneering studies resulted in significant advancement of our understanding of the contrasting effects of harvesting and protection on a long-lived species with complex behavioral and reproductive biology and led to introduction of a maximum legal size limit in the Skagerrak lobster fishery as of 2017.

In conclusion, the MPAs reviewed herein conferred multiple population effects on several species inhabiting the Skagerrak coastal seascape. Importantly, BACI-designed monitoring of MPA-control area pairs provided unequivocal demonstrations of local effects of protection on lobster populations. Importantly, as highly valuable by-products of unequivocally demonstrated population effects from BACI-type approaches, studies using the same populations in the “after” state can contribute to novel insights regarding more subtle effects of protection. Effects of protection on two wrasse species harvested as cleaner fish in salmonid aquaculture underscore the value of MPAs when coastal areas are faced with new and unexpected stressors from profitable industries. Namely, the opportunity to better understand and measure cumulative effects on coastal ecosystems through control-impact studies which in turn enable managers to make knowledge based-management decisions.

Effects of protection on European lobster in terms of conspicuous size increase and density increase manifested as record breaking catches in research traps have created enthusiasm and optimism in the public eye, and thus provided an easily accessible entry to the concept of marine conservation and rebuilding potential in depleted coastal populations. This does not preclude the fact that allocation of areas in the coastal zone from fisheries to conservation purposes is still in an early phase in Norway and thus bound to be the subject of much debate among stakeholders. Nonetheless, MPAs in the form of small-scale lobster reserves—allowing hook and line fishing to continue—have provided a first introduction to the principles and potential benefits of marine conservation. Proper planning in close collaboration with fishers and managers, long-term scientific monitoring, inclusion of citizen science and evolving research protocols—also including fisheries data—have revealed novel effects of protection and harvesting on marine populations, with impact on harvest rules and the use of MPAs as empirically documented management tools in Norway.
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