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Abstract:  

Despite the implementation of several precautionary management measures in Scotland, 

evidence suggests that scallop fisheries based in the Firth of Clyde may not reach long-term 

sustainability. It is argued that only the establishment of No take Zones (NTZs) can restore 

the age structure and spawning biomass of scallop stocks. The aim of this study was 

therefore to look for early evidence of the Lamlash Bay NTZ providing scallop fishery 

benefits by testing for differences in the density, body size, age structure and biomass of 

Pecten maximus and Aequipecten opercularis between sites located in and outside the NTZ. 

This was achieved by conducting a combination of diver surveys and scallop dissections. The 

results revealed that the density of adult scallops did not differ between the two treatments 

despite their age, size and biomass being significantly greater within the NTZ. The 

abundance of juvenile scallops was, however, found to be greater within the NTZ. This 

difference was identified by multivariate analyses based upon neural networks to be related 

to the greater abundance of macroalgae inside the NTZ, which appeared to positively 

encourage spat settlement, and the protection afforded by the NTZ. It was concluded that 

Lamlash Bay NTZ does seem to be providing early scallop fishery benefits, but due to the 

short period since its establishment, any substantial improvements in scallop stocks will be 

more likely to be detected by future monitoring.  
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Introduction 

Stocks of the great scallop, Pecten maximus, and the smaller-bodied queen scallop, 

Aequipecten opercularis, represent natural resources of considerable economic importance 

to the United Kingdom (UK) fishing industry. The P. maximus fishery has grown steadily 

since the 1970s (MBA 2009) to the point where it has consistently ranked in the top five 

most valuable UK fisheries for at least the past 5 years  (Beukers-Stewart & Beukers-Stewart 

2009). In contrast, A. opercularis landings have fluctuated greatly and the fishery is worth 

considerably less, obtaining a first sale value of £2.2 million in 2007 compared to £38.8 

million for P. maximus (Beukers-Stewart & Beukers-Stewart 2009). Landing statistics 

indicate that UK scallop fisheries have a predominantly western distribution, with both P. 

maximus and A. opercularis being particularly concentrated along the west coast of Scotland 

(Brand 2006a). Consequently, Scottish boats account for approximately half of the UK 

scallop catch (Howell et al. 2006), the majority of which is made-up of P. maximus, 

Scotland’s second most valuable shellfish resource (COAST 2007; Marine Scotland 2010). 

Maintaining the sustainability of Scottish scallop fisheries can therefore be considered to be 

of social and economic importance to the UK (POSTnote 251). 

 

Figure 1: The Firth of Clyde. The dashed line indicates the limits of the inner Firth of Clyde area. Adapted from Howell et al. 
(2003).  
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Fisheries for scallops began in Scotland during the late 1930s, originally as a means to 

supplement fishers’ incomes during winter months (Thurstan 2007). However, in the Firth of 

Clyde - a large inlet of the sea that extends over 100 km into Scotland’s west coast (Fig 1, 

Thurstan & Roberts 2010) - a year-round fishery for P. maximus developed in 1961. This 

development coincided with the introduction of shore-based processing factories and the 

establishment of export markets to North America (Combes & Lart 2007). As a result, 

landings of P. maximus greatly increased till they reached a peak of 690 tonnes in 1980. 

Landings then dropped, remaining low for 13 years, before increasing to reach another peak 

of approximately 660 tonnes in 1994 (Fig 2, Combes & Lart 2007; Thurstan 2007).  

Figure 2: Annual landings of Pecten maximus in the Firth of Clyde between 1985-2006. Chart adapted from Combes & Lart 

(2007). 

 

Since its growth, there have been several indications that the Clyde-based P. maximus 

fishery may not reach long-term sustainability. During the mid-1970s the fishery expanded 

and entered new fishing grounds outside the Firth of Clyde where it was found that the size 

and age of scallops were much greater than those exploited in the Clyde (Thurstan 2007). 

Concerns were therefore raised about the effects of exploitation on the age structure of the 

P. maximus stock as individuals were no longer reaching their former sizes and ages. Despite 

3 and 4 ring scallops making up more than 50% of the catch during this period,  

investigations concluded that stocks did not show signs of severe overfishing (reviewed in 

Thurstan 2007). More recently, evidence from the years 2001-2003 (analysed by Howell et 

al. 2006) pointed to increased fishing mortality in major west coast stocks of P. maximus 

and a decline in spawning stock and recruitment (Howell et al. 2006). Then, soon after, a 

report by Marine Scotland in 2010 indentified both spawning stock biomass and recruitment 
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of P. maximus, and in fact the majority of commercial shellfish stocks (lobster stocks not 

assessed), to be declining in the Firth of Clyde (Marine Scotland 2010). 

Similar to the P. maximus fishery, queen scallops had been harvested for bait in the Firth of 

Clyde since the 1880s, but a directed fishery only became established in 1967 when 

processing factories made handling queens more economical and were marketed to North 

America (Combes & Lart 2007; Thurstan 2007). Despite landings fluctuating around 800-

1000 tonnes in the late 1970s,   landings peaked at 2829 tonnes in 1975, but then dropped 

to 183 tonnes in 1984 (Mason & Fraser 1986). After 1989, landings have remained 

consistently below 300 tonnes. Catch per unit effort (CPUE) remained stable over these 

periods and it was therefore concluded that market forces (i.e. that low demand and/or 

market value) led to reduced directed fishing effort, thereby causing the decline from since 

mid-1970s (Smith pers. comms; Mason & Fraser 1986). However, Combes & Lart (2007) 

reported a comment from an unknown number of fishermen that "1986 was a downward 

turning point for queen scallop stocks that have not recovered since" (Smith pers. comms). 

Similarly, local diver observations around the Isle of Arran, an area part of the International 

Council for the Exploration of the Sea (ICES) statistical rectangle which accounts for the 

majority of Clyde landings (Howell et al. 2006), suggest that both P. maximus and A. 

opercularis have shown a significant decline in numbers over the past two decades (Howden 

2003; COAST 2005).  

 

Figure 3: Annual commercial landings of Aequipecten opercularis in the Firth of Clyde between 1985-2006. Chart adapted 
from Combes & Lart (2007). 

 

The above problems are not limited to the Clyde, many scallop fisheries have been said to 

exhibit dramatic fluctuations in landings and abundance, also known as ‘‘boom and bust’’ 
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cycles (reviewed in Orensanz et al. 1991; Beukers-Stewart & Beukers-Stewart 2009). The 

causes of these cycles are complex and largely interrelated but the ‘‘boom and bust’’ 

commonly observed in scallop stocks are thought to be the result of great irregularities in 

recruitment (Paulet et al. 1988; Beukers-Stewart et al. 2003) and their low population 

turnover (Rees & Dare 1993; Charlotte & Wilson 2009). Such fluctuations are difficult to 

incorporate into fisheries management (Frank & Brickman 2001) often leading to their 

collapse (reviewed in Beukers-Stewart & Beukers-Stewart 2009). However, evidence also 

suggests that the impacts on fishing have contributed to the unsustinability of many scallop 

fisheries  

The productivity of scallop fisheries can be reduced through density-dependent effects. 

Scallops are hermaphrodites, releasing male and female gametes separately into the water 

column during synchronized spawning events (Marine Scotland 2010). As a result of their 

spawning behaviour, any reductions in population density are likely to rapidly reduce 

fertilization efficiency (Stoner & Ray-Culp 2000; Vause et al. 2007). Productivity can be 

further reduced by high levels of fishing which can truncate the age structure (i.e. remove 

older age classes) of scallop populations (Beukers-Stewart et al. 2005a). Age truncation 

reduces the number of reproductively active year classes in a stock (Berkeley et al. 2004), 

thereby reducing the productivity of stocks and threatening their ability to breed at 

sustainable levels in the future (Beukers-Stewart et al. 2005a). Similarly, smaller individuals 

produce fewer offspring than larger individuals and therefore the removal of large age 

classes can have a disproportionately high impact on stock reproductive output (reviewed in 

Roberts et al. 2005). Age truncation has also been shown to reduce the capacity of 

populations to buffer environmental events (reviewed in Hsieh et al. 2006).  

The physical impacts of towed mobile gears, such as dredgers and trawls, also contribute to 

the unsustinability of many scallop fisheries. Trawl gear is extremely heavy, requiring 

combinations of bobbins, rock hoppers, warps and chains, designed to prevent the net from 

becoming snagged on uneven surfaces and to maximise catch (Japp & Wilkinson 2007). 

Whilst scallop dredges, such as the Newhaven dredge, are heavy, metal objects equipped 

with several spring loaded teeth that dig into the seabed or scrape hard substratum to rake 

out scallops living in or on the surface layers of sediment (Eleftheriou & Robertson 1992; 

Jennings et al. 2001; Sewell & Hiscock 2005). Evidence suggests that the disturbance caused 
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by such towed gears can have a wide range of effects on scallop stocks. First, the ability of 

scallops to swim and escape predators is reduced after they have been disturbed by either 

the physical action of the dredge, or by being caught and then discarded back to the seabed 

(e.g. Jenkins & Brand 2001). Second, the teeth used on scallop dredges may cause 

considerable, sometimes fatal, physical damage to the shells of scallops caught by the 

passing dredge and those left uncaught on the seabed (e.g. Beukers-Stewart et al. 2001; 

Jenkins et al. 2001). Such physical damage and disturbance have been shown to result in 

reduced levels of growth and reproductive output as metabolic energy is diverted to 

repairing shell damage which could otherwise be invested in growth and gonad 

development (e.g. Kaiser et al. 2007). Finally, fishing for scallops via mobile gears causes 

substantial physical disruption of seafloor habitats by ploughing sediments and fragmenting 

the biogenic structure of epifaunal assemblages such hydroids, sponges and maerl beds, 

thereby reducing highly heterogeneous habitats into more homogenised ones (reviewed in 

Dayton et al. 1995; Jennings & Kaiser 1998; Kaiser et al. 2000). Such upright taxa provide 

suitable habitat for capturing scallop spat (Beukers-Stewart & Beukers-Stewart 2009) and 

therefore their removal can negatively impact upon scallop recruitment (e.g. Collie et al. 

1997; Bradshaw et al. 2003) and reduce an area’s capacity to support other biodiversity 

(reviewed in Kaiser et al. 2005). 

Under European Union (EU) legislation there are no limits on scallop landings in the form of 

Total Allowable Catches (TACs) or quotas, but other measures have been put in place to 

support the sustainable exploitation of Scottish scallop stocks (Edwards 2006). In 1999, a 

restricted scallop licensing scheme was introduced in Scotland in response to concerns 

about the expansion of scallop fishing effort. This scheme was then strengthened in 2003 by 

gear restrictions that enforce a maximum of 8 dredges per side of a vessel in Scottish 

inshore waters (out to six nautical miles), a maximum of 10 per side in any other part of the 

UK territorial sea adjacent to Scotland (out to 12 nautical miles), and 14 per side in any 

other part of the Scottish zone (out to 200 nautical miles). Additionally, the use of ‘French’ 

dredges (a design incorporating water deflecting plates and rigid fixed teeth) is prohibited. 

Also, in light of declining stocks within the Clyde, current advice is for no increase in fishing 

effort and the notion of raising the 100mm length minimum landing size of P. maximus is 

currently under consideration (Marine Scotland 2010). 
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Whilst the above measures can reduce fishing pressure on scallop stocks, it is argued that 

only the implementation of marine protected areas closed to all types of fishing, here 

referred to as No Take Zones (NTZs), can restore: (i) Natural, extended age structures 

(Berkeley et al. 2004; Roberts et al. 2005); (ii) spawning stock biomass, thereby offering 

higher and less variable catches in adjacent areas (Bradshaw et al. 2001; Gell & Roberts 

2002); (iii) genetic variability and population resilience to environmental change (Roberts & 

Hawkins 2005); (v) ecosystem integrity, and act as a buffer against overestimates of catch 

quotas and other management strategies (Pauly et al. 2009). 

For a species to gain from the protection afforded by NTZs, it is necessary that a number of 

individuals spend a significant part of their lives within its boundaries (Gell & Roberts 2002). 

Adult scallops are relatively static, rarely moving more than 30m in 18 months (Howell & 

Fraser, 1984) and have predictable patterns of distribution (Brand 1991). This means the 

entire post-settlement life of individuals can generally be protected in the same area 

(Beukers-Stewart et al. 2005a). Furthermore, because of their broadcast spawning, 

fertilisation success would benefit from the build up of high adult densities (Peterson & 

Summerson 1992; Claereboudt 1999) and the resulting greater reproductive output should 

be able to ‘re-seed’ adjacent areas (Macleod et al. 1985) Finally, as previously discussed, 

scallop fisheries are characterised by widely fluctuating recruitment levels and have 

consequently proved difficult to manage using traditional methods (Orensanz et al. 1991; 

Beukers-Stewart et al. 2005a). Scallops have therefore been identified as particularly 

suitable candidates for managing via the use of areas closed to fishing (Bradshaw et al. 

2001; Beukers-Stewart et al. 2005a,b; Beukers-Stewart & Beukers-Stewart 2009; MBA 

2009). 

Perhaps the best documented example of the benefits scallop stocks can receive from 

closed areas is from the Georges Bank fishing grounds in the Gulf of Maine. Severe 

overexploitation took place on the Georges Bank 1970s and ’80s, and resulted in the 

landings of several groundfish species, including cod, haddock, flounder, to dramatically 

decline (Gell & Roberts 2002; Roberts & Mason 2008). In 1994, 3 areas totalling 17,000km2 

were closed to fishing gears that targeted groundfish or damaged their habitats. In addition 

new regulations were introduced that imposed larger mesh sizes and a reduction in fishing 

effort (reviewed in Roberts & Mason 2008). Just some of the effects observed include large 
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increases in biomass, spawning stock biomass and recruitment of several groundfish species 

(e.g. Stone et al. 2004; Brodziak & Traver 2006), large increases in the abundance, biomass, 

and production of macrofauna (Collie et al., 2005), and the promotion of habitat recovery 

through increasing the biomass and structural complexity of bottom habitats (Hermsen et 

al., 2003; reviewed in Roberts & Mason 2008). However, some of the most noticeable 

effects were observed in the sea scallop, Placopecten magellanicus.  

Prior to closure, P. magellanicus abundance and recruitment was very low (near a time-

series minimum), and the stock was largely comprised of individuals smaller than 82mm as a 

result of severe growth-overfishing (Murawski et al. 2000). By 1998, 4 years after the 

establishment of the closed areas, total P. magellanicus biomass within the closed areas 

increased by a factor of 14, harvestable biomass by a factor of 15, and catches in adjacent 

fishing grounds were found to increase (Murawski et al. 2000; Roberts & Mason 2008). 

Now, since 2001, stock levels are considered to be sustainable and have continued to 

increase (Beukers-Stewart & Beukers-Stewart 2009). In addition, satellite monitoring 

combined with modelling studies suggest that the closure has resulted in greater scallop 

larval export to surroundings areas and have subsequently supported greater fishing effort 

(Lewis et al. 2001, Rago & McSherry 2002; reviewed in Gell & Roberts 2002).  

Similar improvements have been observed for the Isle of Man P. maximus fishery where a 

2km2 closed area has been in place since 1989 (Beukers-Stewart et al. 2005a). Prior to this, 

scallop density was again very low (approximately 0.5/100 m2), but by 2003 scallop density 

was 7 times higher in the closed area than the fished area (Beukers-Stewart et al. 2005a) 

and scallop biomass levels were more than sixty times higher than what they were prior to 

protection (Beukers-Stewart & Brand 2007). There was also a shift in age structure towards 

older and larger scallops in the closed area and, correspondingly, lower estimates of total 

mortality. As a result, exploitable and reproductive biomass were over 10 times higher in 

the closed area than in the fished area (Beukers-Stewart et al. 2005a). Catch rates are now 

at a 20 year high on many grounds (Beukers-Stewart et al. 2003, Brand et al. 2005) despite 

the local fleet being half the size of what it was in the early 1980s (Beukers-Stewart et al. 

2003, Brand et al. 2005), with evidence suggesting greater returns from grounds 

immediately surrounding the closed area (Beukers-Stewart et al. 2005a; Kaiser 2007; 

reviewed in Beukers-Stewart & Beukers-Stewart 2009).  
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Despite relatively wide success, benefits to scallops received from closed areas have not 

been unanimous. Surveys in the San Juan Islands, USA, revealed no difference between 

protected and unprotected areas for 3 species of scallops (Chlamys rubida, Chlamys 

behringiana and Hinnites giganteus), even after 8 years of protection (Tuya et al. 2000). A 

number of possible explanations were proposed including poor larval supply to the marine 

reserves, inadequate sampling methods and a lack of effective enforcement of the closed 

areas (reviewed in Beukers-Stewart et al. 2005a).  

In September 2008, a No Take Zone (NTZ) was established in Lamlash Bay, Isle of Arran, 

thereby prohibiting all sea fishing within the NTZ under the Inshore Fishing (Scotland) Act of 

1984 (Axelsson et al. 2009). The NTZ was passed  by the Scottish Parliament under the 

rationale that the reduction in fishing pressure will help regenerate the local marine 

environment and enhance commercial shellfish and fish populations in and around Lamlash 

Bay, particularly with regards to scallops (for the original NTZ proposal see COAST 2005). 

The aim of this paper was therefore to look for any early evidence of the Lamlash Bay NTZ 

providing scallop fishery benefits by testing for differences in scallop density, age structure, 

body size, and biomass in areas in and outside the NTZ, as well as other species of 

commercial interest. Given the short duration of protection received to date, effects of the 

NTZ may be relatively minor at this stage. The surveys mentioned in this report are 

therefore intended to become part of an annual monitoring scheme to provide a baseline 

for future, related studies in the area. 

 

Materials and methods 

- Study Area 

The Isle of Arran is situated to the west of the Firth of Clyde. The island measures 36km long 

and 22km wide, making it the largest island in the Clyde, with a population of approximately 

5000 (COAST 2005). Lamlash Bay is positioned on the south-eastern shore of Arran (Fig 5, 

Howden 2003) and measures approximately 5 km across (COAST 2005). The Bay is almost 

completely sheltered by Holy Island (Ridley 1984), an island approximately 3 km long and 

1.5 km wide. As a result of Holy Island, access to Lamlash Bay is restricted to the north and 

south entrances located at either end of Holy Island (Cook 2010).   
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Lamlash Bay NTZ encompasses an area of 2.67km2 (Roberts & Thurstan 2010). Water depths 

within the NTZ range between 0-29m below chart datum, but reach as deep as 43m and 

50m outside to the east and the west of the NTZ respectively. The tidal ellipse is aligned in a 

northeast/southwest direction, with water flowing in a northeast direction on the flood tide 

and flowing southwest on the ebb. The tidal currents in this area are moderate, with a 

maximum spring tidal current velocity of 1.5 knots at the entrance of the South Channel, 

and 0.75 knots at the entrance of the North Channel (Admiralty Chart 1864; reviewed in 

Cook 2010). Current mapping studies in the area (reviewed in Baxter et al. 2008) identify the 

water body as weakly-stratified and of a freshwater influence (Connor et al. 2006).  

Previous surveys (Duncan 2003; Axelsson et al. 2009) indicate the seabed to the north-east 

of Holy Island consists of mixed sediments (i.e. mud, sand and gravel with various 

proportions of shell), whilst the central and southern regions of Lamlash Bay are 

characterised by more soft sediment, mainly muddy sand. In addition, the area has long 

been identified as containing important maerl beds (Duncan 2003; Kamenos et al. 2004a; 

COAST 2005) but recent evidence points to a deterioration in their health (Axelsson et al. 

2009).  

The area is utilised by a number of stakeholders including recreational boaters, anglers and 

divers, as well as commercial operations such as mussel farming, ferry operators, 

commercial dredgers, trawlers and creelers (COAST 2005; Axelsson et al. 2009).  Lamlash 

Bay is also location to a salmon farm in the southern end of the Bay, and a sewerage 

outflow pipe just outside the northern end of the Bay (Cook 2010).  

 

- Study species 

Scallops (Pectinidae) are filter-feeding bivalve molluscs that live on, or partially buried in, 

the seabed (Bradshaw et al. 2001). Both P. maximus and A. opercularis (Fig 4) inhabit a 

variety of soft sediments including coarse and fine sands, mixed sands, mud areas, and 

gravel beds (Hoskin et al. 2004). P. maximus becomes sexually mature after 2-3 years old 

and at around 80-90mm in shell length.  When left undisturbed, P. maximus individuals can 

live for over 20 years and grow to over 200 mm in length (Beukers-Stewart & Beukers-

Stewart 2009; Marshall & Wilson 2009). In contrast, A. opercularis becomes sexually mature 
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after 1-2 years and at approximately 40 mm in length. Individuals rarely live for more than 5 

or 6 years and grow to no more than 90 mm in length (Vause et al. 2007; Barnes 2009; 

Beukers-Stewart & Beukers-Stewart 2009).  

 

Figure 4: The queen scallop A. opercularis (left; photo by Howard Wood) and great scallop P. maximus (right; photo 
courtesy of Bryce Beukers-Stewart).  

The pelagic life of pectinids begins with the release of gametes during spring/summer 

spawning events (Beukers-Stewart & Beukers-Stewart 2009; Marine Scotland 2010), 

followed by fertilization and embryonic and larval stages (Le Pennec et al. 2003). The 

resulting free-swimming larvae typically spend 3-6 weeks in the water column, often 

dispersing over considerable distances (Brand et al. 1980; Macleod et al. 1985) before 

eventually settling on to the seabed and attaching to the substrate to undergo final 

metamorphosis into their adult form (Marine Scotland 2010). Both P. maximus and A. 

opercularis tend to attach primarily to 3-dimensional structures including debris, such as 

clean shells, or to upright taxa such as macroalgae, bryozoans, hydroids and maerl 

(reviewed in Kamenos et al. 2004b,c). The reproductive success and recruitment of scallops 

are therefore heavily influenced by availability of suitable settlement habitat, as well as 

many other factors including spawning stock biomass and environmental conditions (Brand 

2006a, Beukers-Stewart 2009). Biotic interactions such as competition and predator density 

are also very important factors (Beukers-Stewart et al. 2003; Le Pennec et al. 2003).  

 

- Dive surveys 

Dive surveys were carried out between June-August 2010 and were largely based upon 

monitoring techniques developed for Lundy Island (Hoskins et al. 2004) and the Isle of Man 
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(Bradshaw et al. 2001; Beukers-Stewart et al. 2005a). These monitoring schemes have 

proved successful in estimating scallop densities, growth rates, and population age 

structure, as well as estimating the densities other benthic megafauna. 

 

Figure 5: Locations of the 010 diver marine surveys. Annotations indicate the names of the survey sites in the proposed 
Marine Protected Area (MPA), the No Take Zone (NTZ) and surveys conducted outside the east of the NTZ (OUT). Map 
created in RYA Admiralty Chart Planner 2010, Edition 7.  

A total of 40 dive surveys were conducted of which 20 were inside the Lamlash Bay NTZ and 

20 were outside. Of the 20 surveys conducted outside the NTZ, 10 were to the west of the 

NTZ boundary (a proposed Marine Protected Area, see COAST 2005) and 10 were to the 

east (Fig 5). The wide distribution of surveys were intended to provide a good 

representation of Lamlash Bay whilst being limited to areas of the seabed that were shallow 



13 
 

enough to remain within the limits of no diver decompression. Surveys were also conducted 

parallel to relief contours to ensure the depth of a single survey did not change by more 

than approximately 3m.  

The transect was made from a 50m leaded line which was laid out straight across the 

seabed. Attached to both ends of the leaded line were anchors to hold the line in place in 

addition to two floating buoys which reached the surface. A team of two divers then went 

along the transect and recorded the abundance of all megafauna encountered along with 

the size of all scallops (both A. opercularis and P. maximus) 1.5m either side of the transect, 

creating a total area of the seabed surveyed of 150m2. The size of scallops was recorded as 

the greatest distance along a line approximately parallel with the hinge axis to the nearest 

millimetre (Fig 6, Jennings et al. 2001). The width of the transect was marked by a 3m long 

pipe which the divers pushed ahead of themselves (Fig 7), the centre of which was marked 

to allow both divers to survey an equal area. The data generated by both divers was later 

pooled to generate densities of organisms per 100m2. 

 

Figure 6: Photo of P. maximus and with annotations indicating where its shell length would be measured in parallel with 
the hinge axis. Photo by Leigh Howarth.  

Conditions such as depth and temperature were recorded at various intervals by the divers 

during the survey. Whilst a SACFOR abundance scale (Connor et al. 2004) was used to 

generate semi-quantitative estimates of juvenile scallops (taken to be any scallop <10mm 

and still attached to the substrate via byssal threads) and of the area covered by different 



14 
 

epifaunal assemblages including live and dead maerl, seagrass, kelp, sponges, anemones, 

tunicates, hydroids, bryozoans and soft corals. This method was chosen to provide quick 

underwater estimates of the habitat types and structural complexity of the surrounding 

seabed, as well as to be compatible with methodologies currently adopted by SeaSearch 

(www. seasearch.org.uk). For statistical analysis, the SACFOR scale was converted into 

numerical categories ranging from 0-6, where a value of 0 would indicate the absence of a 

taxon and 6 would represent the superabundance of a taxon as denoted by the SACFOR 

scale. 

 

Figure 7: Photo of a dive survey conducted along a 50m long transect, the width of which was marked by a 3m long drain 
pipe. Photo by Angus Robson. 

After a survey was completed, Global Positioning System (GPS) coordinates were taken from 

both ends of the transect to mark its location for future study. This was done by part-

hauling in one of the surface buoys till the boat lied directly atop of the transect end (see 

Appendix 1 for the latitude and longitude of all diver transects conducted in the summer of 

2010).  

- Lab work 

Individuals of both P. maximus and A. opercularis were collected from sites in and outside 

the NTZ. These were then stored in a cool, shaded room to be dissected within 24 hours of 

their collection.  
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Before dissection, scallops were cleaned of sediment and epibionts. Their shell length was 

then recorded along with their age. Age was determined by counting the number of growth 

rings deposited on the external surface of their shell. These rings are the result of annual 

variation in growth where, during winter, growth is ceased but resumes again in spring, 

resulting in the annual formation of distinct rings to appear on the external surface of the 

shell (Macleod et al. 1985; Marine Scotland 2010). In addition, A. opercularis individuals 

were subjected to immersion in a 5% bleach solution for 24 hours prior to being aged as 

their growth rings are not always clear but their readability and precision have been shown 

to increase after such treatment (Vause et al. 2005). 

 

Figure 8: Photo of a dissected great scallop. Annotations indicate the adductor muscle and gonads. Photo courtesy of Dr 
Bryce Beukers-Stewart.  

Samples were blotted dry and weighed whole to 1 decimal place using an electronic 

balance. All tissues were then dissected from the samples and blotted dry. From these 

tissues, the wet weight of the total tissue biomass, reproductive biomass (gonad weight 

only) and exploitable biomass (gonad weight and adductor muscle weight combined, see Fig 

8) were obtained. The importance of reproductive and exploitable biomass are two-fold. 

Firstly, scallops are hermaphrodites, broadcasting both sperm and eggs, and therefore the 

mass of the gonad organ is an indicator of potential reproductive output. Secondly, the 

adductor muscle is important both economically, as it part-decides the sale value of a 
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scallop, and biologically as it forms the main mechanism of protection from predators, 

particularly regarding the common starfish, Asterias rubens (Kaiser et al. 2007).   

 

- Data analysis: Biometrics 

Data obtained from scallop dissections were used to explore relationships between shell 

length and age, exploitable biomass and reproductive biomass. These biometric 

relationships were plotted in scatter charts and fitted with power trendlines in Microsoft 

Excel 2007. Equations derived from the trendlines were then extrapolated for the entire 

sampled population, allowing for the age, exploitable biomass and reproductive biomass to 

be estimated for all scallops measured during the diver surveys. Any differences observed 

between sites in and outside the NTZ were tested for significance through a one-way 

Analysis of Variance (ANOVA) once variables were tested for normality using histograms, 

boxplots, normal QQ plots and the Shapiro-Wilk test. The Shapiro-Wilk test was chosen as it 

is widely accepted to be the most suitable for small and medium size samples (n up to 2000, 

Royston 1982; Conover 1999). These exploratory measures were conducted on all variables 

within this study using the statistical package R (www.r-project.org). 

 

- Population dynamics and structure of  P. maximus and A. opercularis 

Densities of P. maximus and A. opercularis were compared between the two treatments (i.e. 

‘NTZ’ and ‘outside’) using the Mann-Whitney-Wilcoxon test. This test was chosen as the two 

groups were independent and both variables were found to have a non-normal distribution. 

The Mann-Whitney-Wilcoxon test was also performed on the estimated abundance of 

juvenile scallops between both treatments. These data were then plotted in bar graphs 

using ±2 Standard Error (SE) bars to illustrate any variation around the mean. The mean size 

and age of scallops in and outside the NTZ were plotted in similar bar graphs but tested for 

significance using a one-way ANOVA. Lastly, the size and age (age estimated from 

biometrics) of scallop populations in and outside the NTZ were compared using bar charts 

and tested for significance using a Kolmogorov- Smirnov (K-S) analysis.  
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- Growth rates of P. maximus and A. opercularis 

Mean size-at-age of scallops were calculated from the dissected samples analysed in the lab. 

Von Bertalanffy growth curves were fitted to each sample using the software package 

SIMPLY GROWTH (www.pisces-conservation.com) to explore any differences in growth 

between the two treatments.   

 

- Multivariate analyses of scallop distribution 

To determine whether the environmental and ecological data recorded during diver surveys 

reflected the distribution and abundance of scallops, neural networks were created to test 

all explanatory variables against the abundance of P. maximus, A. opercularis and juvenile 

scallops. The explanatory variables used were depth, the number of different habitat types 

and their estimated cover, predator density and level of protection (i.e. whether sites were 

in or outside the NTZ). Any negative instances were removed from the neural network 

outputs and replaced with zeros. Line graphs were then produced comparing the values 

predicted by the neural networks and the true values observed. Estimates of percentage 

error were then calculated to determine how well the explanatory variables could predict 

the distribution of scallops using the below equation, where Y’ = the value predicted by the 

neural network, and Y = the value observed: 

         
     

 
      

Neural networks were chosen as they are good at input output mapping and have an 

advantage over other multivariate analyses in that they can recognise patterns in the 

presence of noise (as is often the case with ecological data), predict future events based on 

past experience, predict latent variables that are not easily measured, and can deal with 

non-linear regression problems (reviewed in Haykin 2009). However, due to their inherent 

complexity, determining which explanatory variables were most important in determining 

scallop distribution could not be ascertained. Therefore, generalized linear models (GLM) 

were created in SPSS v 17.0 to resolve this issue.  
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Before construction of a GLM, scatterplot and intercorrelation matrices (based upon 

Spearman’s rank correlation) were created to explore basic relationships and determine if 

any variables were strongly intercorrelated (i.e. -0.7 < r > 0.7) as any variables found to be 

strongly intercorrelated would not be allowed together in a GLM (Crawley 2005). The GLMs 

were based upon a Poisson error family as the response variables (i.e. scallop abundance) 

were based on count data and the explanatory variable representing treatment (i.e. NTZ or 

outside) was binary. However, due to over-dispersion of the models, a negative binomial 

error function was used instead. Goodness of fit tests based upon deviance and Pearson chi-

square were used to indicate how well the models fitted the data. Appropriate graphs were 

then produced of any significant variables highlighted by the GLMs. 

 

- Univariate analyses of predators and other species of commercial interest 

Densities of organisms known to predate scallops, and the densities of other species of 

commercial interest in and outside the NTZ were compared using bar charts and the Mann-

Whitney-Wilcoxon test. 

 

Results 

- Biometrics 

All biometric graphs created for this study, along with their trendline equations and 

associated R2 values, are available in Appendices 2-5. Relative confidence could be 

expressed in all the biometric trends produced (i.e. R2 > 0.7).   

Through extrapolating the biometrics to the entire sampled population, the mean 

exploitable biomass of P. maximus per 100m2 in and outside the NTZ was found to be 36.8g 

(±1.54 SE)  and 25.5g (±0.26 SE) respectively. The exploitable biomass of P. maximus was 

therefore 1.18 times higher inside the NTZ, a relationship found to be significant (one-way 

ANOVA; F1,39= 36.529, p < 0.05). Similarly, the mean reproductive biomass of P. maximus per 

100m2 was 8.1g (±0.37 SE) and 4.6g (±1.7 SE)  respectively, meaning reproductive biomass 

inside the NTZ was 1.42 times higher than outside, and was again found to be significant 

(one-way ANOVA; F1,39= 58.864, p < 0.05). In contrast, the mean exploitable biomass of A. 
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opercularis per 100m2 in and outside the NTZ was 1.1g (±0.16 SE) and 1.0g respectively 

(±0.18 SE), a difference found to be non-significant (one-way ANOVA; F1,39= 0.3, p > 0.05). 

Likewise, the mean reproductive biomass of A. opercularis per 100m2 in and outside the NTZ 

was 0.17g (±0.02 SE) and 0.18g (±0.002 SE) respectively, and again was found to be non-

significant (one-way ANOVA; F1,39= 0.44, p > 0.05).  

 

 

Figure 9: The mean density of P. maximus and A. opercularis in and outside the NTZ. Error bars represent ±2 SE.  

 

 

 

 

Figure 10: The mean estimated abundance (SACFOR) of juvenile scallops in and outside the NTZ. Error bars represent ±2 SE.  



20 
 

 
Figure 11: The size structure of A. opercularis (A) and P. maximus (B) populations in and outside the NTZ. Also plotted is the 

age structure (estimated from biometrics) of A. opercularis (C) and P. maximus (D) in and outside the NTZ. The number (n) 

of individuals sampled from each population are indicated in Table 1.  
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Table 1: Outputs from the Kolmogorov-Smirnov (K-S) 2 sample tests used to compare the size and age structure (age 

structure estimated from biometrics) of populations in and outside the NTZ for both P. maximus and A. opercularis. All 

comparisons were significant at p < 0.05 and denoted by (*).  

Test variable NTZ (n) Outside (n) K-S Z p 

Size - P. Maximus 237 181 4.121 0.000* 

Age - P. Maximus 237 181 3.785 0.000* 

Size - A. Opercularis 161 179 1.644 0.009* 

Age - A. Opercularis 161 179 5.25 0.000* 

 

 

- Population dynamics and structure of  P. maximus and A. opercularis 

The mean density of P. maximus per 100m2 in and outside the NTZ was 6.16 (±2.12 SE) and 

7.56 (±2.30 SE) respectively. P. maximus density was therefore 1.2 times higher outside the 

NTZ. However, this difference was found not to be significant (Mann-Whitney; U = 160.0, n 

= 40, p > 0.05). Similarly, the mean density of A. opercularis inside the NTZ was 6.03 (±2.06) 

and 6.13 (±1.81 SE) per 100m2 respectively, meaning A. opercularis densities were 1.01 

times higher outside the NTZ, but was again found to not significantly differ (Mann-Whitney; 

U = 199.5, n = 40, p > 0.05). These relationships are illustrated in Figure 9. The large error 

bars reflect high the variation in scallop densities encountered throughout this study. Unlike 

adult densities, the SACFOR estimates of juvenile scallop abundance was found to be 

significantly greater inside the NTZ compared to outside (Mann-Whitney; U = 102, n = 40, p 

< 0.01) and is graphically represented in Figure 10.  

Comparisons of age structure between treatments suggest scallop populations within the 

NTZ are composed of larger and older (Fig 11) individuals. These differences in age and size 

structure between the sites within the NTZ and outside the NTZ were found to be significant 

for both scallop species (Table 1). In fact, the mean age of P. maximus was 1.3 times higher 

inside the NTZ and 1.2 times higher in size. Similarly, the mean age of A. opercularis was 1.5 

times higher inside the NTZ and 1.1 times higher in size.  
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- Growth rates of P. maximus and A. opercularis 

The mean size-at-age of both P. maximus and A. opercularis did not appear to differ 

between individuals in and outside the NTZ (Fig 12).  

 

 

 

Figure 12: Mean size-at-age and von Bertalanffy growth curves in and outside the NTZ for both P. maximus (NTZ n = 28 
Outside n = 28) and A. opercularis (NTZ n = 20, Outside n = 20).  

- Multivariate analyses of scallop distribution 

The difference between the predicted and observed abundance of P. maximus, A. 

opercularis and juvenile scallops are illustrated in Figure 13. From the populations sampled, 

these models produced an estimation of scallop abundance to a 38% accuracy level for P. 

maximus, a 64% accuracy level for A. opercularis and an 86% accuracy level for juvenile 

scallops. Due to there being no clear correlations between the explanatory variables and the 

abundance of adult P. maximus and A. opercularis (i.e. the accuracy of the models was 

poor), only one GLM was created using the estimated abundance of juvenile scallops as the 

response variable.  
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Figure 13: Line graphs showing abundance values of juvenile scallops (top), P. maximus (middle) and A. opercularis 
(bottom) predicted by the neural networks and the actual values observed.  
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Table 2: The goodness of fit values obtained from the GLM. Their non-significance suggests the model fits the data well and 

that no other covariates and/or other error distributions did not need to be considered. Also displayed are the variables 

entered into the GLM and their associated p values. Significant terms are denoted by (*). 

 

                                                         Goodness of fit         
 Test Value df     p 

Deviance 16.680 24 .695 
Pearson Chi-Square 11.757 24 .490 

 Wald Chi-Square 
Source Value df      p 

NTZ 5.154 1 .023* 
Dead maerl 4.110 1 .043* 
Live maerl 2.088 1 .148 
Algal mat 1.496 1 .221 
Macroalgae 6.824 1 .009* 
Kelp .287 1 .592 
Sponge .202 1 .654 
Anemones .270 1 .603 
Soft coral .785 1 .376 
Tunicates .656 1 .418 
Hydroids .512 1 .474 
Bryozoans 1.669 1 .196 
A. rubens density .060 1 .806 
Predator density .100 1 .604 

 

 

 

Figure 14: The abundance of macroalgae (A) and dead maerl (B) plotted against the abundance of juvenile scallops.  

 

 

A B 
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Figure 15: The presence of 3D mesh-like structures created from macroalgae often contained large numbers of juvenile 

scallops. In particular, sites containing dense patches of a red macroalga (top left) were particularly abundant in scallop 

spat. Photos by Angus Robson.   

 

 

 

Figure 16: Mean estimated abundance of dead maerl and macroalgae in and outside the NTZ. Error bars represent ±2 SE.  
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The goodness of fit tests for the GLM and significance of the explanatory variables are 

available in Table 2. The deviance and Pearson Chi-Square tests were non-significant 

indicating other covariates and/or other error distributions did not need to be considered. 

The estimated cover of dead maerl and macroalgae were found to significantly influence the 

abundance of juvenile scallops, as was level of protection (i.e. whether sites were within or 

outside the boundaries of the NTZ) . As already illustrated in Figure 10, the relationship 

between NTZ and juvenile abundance is positive. Similarly, the relationship between the 

abundance of juveniles and cover of macroalgae and dead maerl also appears to be positive 

(Fig 14). Personal observations made during dive surveys also confirm the positive 

relationship between macroalgae and juvenile abundance, where sites found to contain 

dense patches of macroalgae were also found to contain substantial quantities of juvenile 

scallops (Fig 15).  

The abundance of dead maerl did not significantly differ between the NTZ and outside 

(Mann-Whitney; U = 152, n = 40, p > 0.05) but did for the abundance of macroalgae, with 

macroalgae being significantly higher inside the NTZ (Fig 16; Mann-Whitney; U = 112, n = 40, 

p < 0.05).  

 

- Univariate analyses of predators and other species of commercial interest 

The density of A. rubens, the main predator of P. maximus and A. opercularis did not 

significantly differ between sites within and outside the NTZ (one-way ANOVA; F1,39= 1.899, 

p > 0.05). However, the combined density of A. rubens and other organisms known to 

predate scallops, such as the spiny starfish Marthasterias glacialis and the edible crab 

Cancer pagurus, was significantly higher within the NTZ (one-way ANOVA; F1,39= 21.997, p < 

0.05) with predator density being almost double in the NTZ at 43.1 individuals per 100m2 

(±3.15 SE) inside the NTZ compared with 25.5 individuals per 100m2 (±2.0 SE) outside the 

NTZ. 

The density of other species of commercial interest appeared to be higher within the NTZ 

but were found to not significantly differ for C. pagurus (Mann-Whitney; U = 114, n = 40, p > 

0.05), the velvet swimming crab Necora puber (Mann-Whitney; U = 124, n = 40, p > 0.05), 

the dogfish Scyliorhinus canicula (Mann-Whitney; U = 176, n = 40, p > 0.05), cod Gadus 
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morhua (Mann-Whitney; U = 211, n = 40, p > 0.05) and flatfish which includes species such 

as the plaice Pleuronectes platessa and the lemon sole Microstomus kitt which could not be 

easily identified apart during diver surveys (Mann-Whitney; U = 231, n = 40, p > 0.05). These 

relationships are plotted in Figure 17.  

 

Figure 17: The mean densities of other commercially exploited species in and outside the NTZ. Flat fish species could not be 

easily identified apart during diver surveys, hence their being grouped into one category. Error bars represent ±2 SE.  

 

Discussion 

The density of scallops within treatments, and within transects, was hugely variable. This 

was because scallops were often encountered in distinct aggregations. Aggregated 

distributions are a common feature in scallops populations (reviewed in Macleod et al. 

1985; Brand 2006b) and are thought to be the result of a combination of factors including 

hydrographic features, larval survival and suitability of substrate types (Charlotte & Wilson 

2009). Overall though, there was no significant difference in the density of adult P. maximus 

and A. opercularis between sites within and outside the NTZ.  

Previous surveys conducted between 2008-2009 estimated scallop densities to be around 3-

4 individuals per 100m2 within Lamlash Bay (Axelsson et al. 2009). This study, however, 

supports a density closer to 6-8 individuals per 100m2 for A. opercularis and P. maximus. 

This difference may be early evidence of the NTZ providing scallop fishery benefits but 
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previous surveys utilised a different methodology of using drop-down cameras to record the 

abundance and composition of benthic megafauna. Diver surveys, such as those employed 

in this study, are thought to produce more reliable estimates of scallop density (Beukers-

Stewart pers. comms) meaning direct comparisons could not be made 

Despite there being no difference in the density of adult scallops between sites in and 

outside the NTZ, the size and age of scallops within the NTZ were found to be significantly 

greater. In fact, individuals of P. maximus were on average 18mm larger and 1.3 times older 

within the NTZ than outside. Whilst individuals of A. opercularis were 3mm larger and 1.5 

times older. These differences may be slight but they could be early evidence of the NTZ 

providing scallop fishery benefits protecting stocks within the NTZ from fishery-induced 

mortality and thereby restoring their age structure to a more natural. A trend which has also 

been observed in scallops by Murawski et al. (2000), Bradshaw et al. (2001) and Beukers-

Stewart et al. (2005a), as well as for other shellfish species (e.g. Rice et al. 1989; Edgar & 

Barrett 1999).  

If the age structure of scallops continue to improve within the NTZ, then the average size of 

scallops will increase along with their biomass and reproductive output (McGarvey & 

Willison 1995; Roberts & Hawkins 2005). Such increases would likely be matched with an 

increased density of individuals (Roberts & Hawkins 2005) and be further bolstered by 

increases in reproductive output. The end product would be a great increase in subsequent 

recruitment inside the NTZ, and outside through larval dispersal ‘spilling over’ and ‘re-

seeding’ adjacent grounds (Roberts & Polunin, 1991; Clarke, 1998). However, most of the 

evidence for these effects comes from larger reserves and therefore may not be as strong 

for Lamlash Bay NTZ.  

In addition to scallops being both older and larger within the NTZ, the exploitable biomass of 

P. maximus was 1.18 times higher inside the NTZ and 1.42 times higher in reproductive 

biomass. This may be the result of older and larger scallops within the NTZ naturally 

containing a higher biomass of tissues (Beukers-Stewart & Beukers-Stewart 2009). However, 

the protection afforded by the NTZ may also be allowing individuals to invest a greater 

proportion of metabolic energy into body growth and gonad development, as scallops 

within the NTZ should no longer be required to divert energy into repairing shell damage 
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from disturbance induced by mobile fishing gears (e.g. Kaiser et al. 2007; Shephard et al. 

2010).  

In contrast with the larger-bodied P. maximus, the greater size and age of A. opercularis 

inside the NTZ did not translate into greater exploitable and reproductive biomass. This may 

be because the biomass data obtained from scallop dissections was at a too low resolution 

to detect any differences in the smaller-bodied A. opercularis. To explain, the mean 

difference in size of A. opercularis between the NTZ and outside was very small, 

approximately 3mm. Therefore, any differences in biomass as a result of their greater size or 

would be proportionally just as small. However, scallop dissections were conducted in a 

mobile laboratory facility equipped with an electronic balance that could only weigh tissues 

to the nearest 1 decimal place. The resolution of this data may therefore be too low to 

observe any difference in the biomass of A. opercularis. In contrast, the body size of P. 

maximus is much larger, and differences in exploitable and reproductive biomass were 

therefore easier to detect.  

Unlike the density of adult scallops, the estimated abundance of juveniles was found to be 

significantly higher within the NTZ. If the protection afforded by the NTZ is protecting 

juveniles from fishing disturbance, both survival and growth during this critical life-history 

phase will increase (Myers et al. 2000; Beukers-Stewart et al. 2005a). The benefit of this 

would be an increase in future recruitment as a greater proportion of juveniles come to 

reach maturity and should result in greater profits because virgin scallops (i.e. previously 

undisturbed / captured) are of considerably higher value (reviewed in Beukers-Stewart & 

Beukers-Stewart 2009). Unfortunately, the degree to which juvenile abundance differed 

between sites in and outside the NTZ was obscured by the resolution of the SACFOR scale 

used to estimate their abundance.  

Neural network analysis indicated that the environmental data recorded during diver 

surveys did not correlate well with the abundance and distribution of adult P. maximus and 

A. opercularis. This may be because factors other than the variables recorded were more 

important in influencing their distribution, or may an artefact of the relatively crude scale 

used to estimate the majority of environmental data. The models did, however, predict the 

abundance of juvenile scallops to a high (86%) accuracy level. So, from the data that was 

gleaned and from the models developed, it can be considered that the results are highly 
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promising for predicting juvenile abundance given the resources available. However, 

external validity considers the level in which the results from these experiments can be 

generalised to other scenarios (reviewed in Haykin 2009). It must therefore be said that the 

models and the results achieved can only be thought as strong as the data they were based 

upon and their sample size, and because of this, the results cannot be confidently justified in 

terms of the global populations and in terms of external validity, the model could somewhat 

be lacking (Haykin 1994).  

In creating a GLM, the level of protection of sites was identified to significantly influence the 

abundance of juvenile scallops. From results discussed earlier, it has already been suggested 

that the relationship between level of protection and juvenile abundance was positive. The 

growth and survival of juvenile scallops have also been shown increase in areas closed to 

fishing compared to heavily fished areas (e.g. Beukers-Stewart et al. 2005a) and may be the 

cause of this trend. The GLM also flagged the estimated cover of dead maerl and 

macroalgae to be significant in influencing juvenile distribution. These relationships also 

appeared to be positive but were again obscured by the low resolution of the data. 

Nonetheless, it has been well documented that scallop spat tend to attach primarily to 3-

dimensional structures such as dead shells and gravel, as well as upright taxa including 

macroalgae, bryozoans, hydroids and live and dead maerl (Paul 1981; Minchin 1992; 

Bradshaw et al. 2001; Kamenos et al. 2004c). When juvenile scallops attach to suitable 

substrates they become almost completely immobile. The distribution of juvenile scallops 

would therefore be much easier to predict than for adult scallops, requiring just the 

presence of suitable substrate at a suitable depth (with hydrographic features permitting) 

and may be why the environmental data recorded was much more important in 

determining the distribution and abundance of juvenile scallops. This also means that the 

protection of such settlement substrates from fishing damage may come to enhance the 

recruitment of scallops in Lamlash Bay, along with a range of other invertebrates and fish 

(Bradshaw et al. 2001; Beukers-Stewart et al. 2005a). In fact, it appears that the cover of 

macroalgae was higher inside the NTZ and may already be an indication of the recovery of 

bottom habitat. The recovery of maerl, on the other hand, will take considerably longer due 

to its slow growth (Sewell & Hiscock 2005).  
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It is interesting that the cover of dead maerl was considered to be more important in 

influencing juvenile distribution than pristine live maerl, as this is contrary to observations 

made in a series of lab-based experiments (Kamenos et al. 2004a,b,c). However, the maerl 

beds encountered in Lamlash Bay were severely degraded, often containing only 0-10% live 

maerl (Howarth, L.M. pers. obs). Such small concentrations of live maerl would therefore be 

unlikely to greatly influence the distribution of juvenile scallops. The degradation of the 

maerl beds within Lamlash Bay concurs with previous surveys (Axelsson et al. 2009) and has 

been identified to be the likely result of scallop dredging and trawling (Hall-Spencer et al. 

2000; Kamenos et al. 2004a).  

The density of other species of commercial interest did not differ between sites in and 

outside the NTZ. However, the benthic diver surveys used in this study may not be the most 

appropriate method for obtaining density data on species such as G. morhua, which were 

often seen shoaling higher-up in the water column. In contrast, predator density was almost 

double inside the NTZ, and makes the higher abundance of juvenile scallops seen inside the 

NTZ even more notable (Hart 2006; Beukers-Stewart 2009). There were also several other 

limitations to the study. Firstly, due to time restrictions, a smaller number of scallops were 

dissected and aged than originally intended of scallops. Even so, the R2 values obtained from 

extrapolating the biometrics to the entire sampled population indicated a good fit, and 

therefore relative confidence can be expressed in them. Second, scallop densities prior to 

the establishment of Lamlash Bay NTZ are unknown and therefore any changes in density in 

and outside the NTZ since its establishment could not be ascertained. However, the surveys 

mentioned in this study are to become part of a new annual monitoring scheme so any 

further changes in scallop stocks will be observed. Finally, the experimental design of this 

study was not as simple as recording scallop densities in fished and unfished grounds. 

Fishing effort varies spatially in response to depth and bottom topography and therefore 

the level of fishing pressure may have not been distributed equally across sites outside the 

NTZ (Kaiser et al. 2000). Furthermore, the presence of illegal fishing activity within the NTZ 

at Lamlash Bay has been recorded several times (Wood. pers. comms) and will make 

recovery times of fish stocks and habitats considerably longer.  

In conclusion, the Lamlash Bay NTZ does appear to be providing early scallop fishery 

benefits, particularly with regards to juveniles, but due to the short period since its 
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establishment, any substantial improvements in scallop stocks will likely be detected in 

future monitoring (reviewed in Gell & Roberts 2003; Roberts et al. 2005).  
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Appendix 1 

 

Appendix 1: The location, depth and predominant substrate types of all dive surveys. Location is represented by the 
latitude and longitude taken from the starting and finishing ends of the 50m transect.  

 

 

 

 

 

 

 

SITE DATE DEPTH SUBSTRATE START LAT START LONG END LAT END LONG

NTZ 1 05/07/2010 9.1 dead maerl & shells 55 32 771 005 05 357 56 32 772 006 05 410

NTZ 2 05/07/2010 12.5 mud, dead maerl & shells 55 32 407 005 06 138 55 32 408 005 06 189

NTZ 3 06/07/2010 10 dead maerl & shells 55 32 406 005 04 836 55 32 420 005 04 805

NTZ 4 09/07/2010 18.7 mud & dead shells 55 32 227 005 05 208 55 32 257 005 05 208

NTZ 5 12/07/2010 16.8 sand & boulders 55 32 504 005 05 233 55 32 524 005 05 204

NTZ 6 18/07/2010 21.1 sandy mud 55 32 148 005 05 695 55 32 124 005 05 678

NTZ 7 18/07/2010 10.7 dead maerl, muddy sand 55 32 678 005 04 876 55 32 703 005 04 862

NTZ 8 21/07/2010 19.1 muddy sand, boulders & shells 55 32 582 005 05 447 55 32 600 005 05 47

NTZ 9 21/07/2010 13.3 mud & dead maerl 55 32 647 005 05 023 55 32 673 005 05 055

NTZ 10 26/07/2010 23.1 muddy sand, few shells 55 32 432 005 05 793 55 32 433 005 05 741

NTZ 11 26/07/2010 18.9 muddy sand 55 31 919 005 05 524 55 31 919 005 05 524

NTZ 12 28/07/2010 13.8 Dead maerl, sand, pebbles & boulders 55 32 568 005 04 828 55 32 556 005 04 873

NTZ 13 30/07/2010 19 dead maerl, muddy sand 55 32 359 005 04 850 55 32 335 005 04 859

NTZ 14 03/08/2010 15.5 sandy mud 55 32 736 005 05 494 55 32 745 005 05 450

NTZ 15 04/08/2010 23 muddy sand, gravel, pebbles & cobbles 55 32 287 005 05 350 55 32 296 005 05 385

NTZ16 09/08/2010 15.5 muddy sand, shells, pebbles & cobbles 55 32 111 005 05 470 55 32 087 005 05 482

NTZ 17 09/08/2010 17 dead maerl, shells, sandy mud & boulders 55 32 354 005 04 609 55 32 363 005 05 661

NTZ 18 13/08/2010 27 sandy mud & boulders 55 32 387 005 05 574 55 32 408 005 05 578

NTZ 19 19/08/2010 28 sandy mud, rocks, boulders & shells 55 32 323 005 05 905 55 32 344 005 05 877

NTZ 20 19/08/2010 18.7 sandy mud, shells & dead maerl 55 32 495 005 04 742 55 32 522 005 04 750

MPA 1 09/07/2010 19 sandy mud 55 30 695 05 05 850 55 30 707 005 04 828

MPA 2 15/07/2010 17.2 sandy mud 55 31 996 005 05 974 55 31 972 005 05 972

MPA 3 20/07/2010 21.9 Muddy sand & shells 55 32 059 005 06 233 55 32 057 005 06 166

MPA 4 28/07/2010 16.75 sandy mud 55 31 348 005 04 804 55 31 349 005 04 844

MPA 5 30/07/2010 23.7 sandy mud, and pebbles 55 31 047 005 04 481 55 31 022 005 04 469

MPA 6 02/08/2010 22.4 muddy sand 55 32 192 005 06 250 55 32 211 005 06 214

MPA 7 02/08/210 19 mud and shells 55 31 355 005 06 661 55 31 339 005 06 632

MPA 8 03/08/2010 18 muddy sand 55 32 163 005 06 686 55 32 150 005 06 721

MPA 9 04/08/2010 20.8 mud 55 31 785 005 07 371 55 31 805 005 07 391

MPA10 10/08/2010 21 muddy sand, pebbles, cobbles & shells 55 30 875 005 05 622 55 30 888 005 05 662

OUT 1 12/07/2010 22.7 sandy mud 55 33 354 005 04 799 55 33 332 005 04 783

OUT 2 13/07/2010 21.9 sandy mud 55 32 921 005 04 551 55 32 900 005 04 548

OUT 3 16/07/2010 13.5 sand & shells 55 31 690 005 04 041 55 31 710 005 04 071

OUT 4 20/07/2010 15.1 Dead maerl, mud & shells 55 32 209 005 04 400 55 32 222 005 04 434

OUT 5 23/07/2010 22.7 Muddy sand, some shells 55 33 540 005 05 043 55 33 567 005 05 445

OUT 6 23/07/2010 11.8 sand 55 31 184 005 03 570 55 31 208 005 03 560

OUT 7 29/07/2010 16.3 Dead maerl, muddy sand and pebbles 55 30 735 005 03 466 55 30 759 005 03 460

OUT 8 10/08/2010 23.1 sand, shells & boulders 55 32 667 005 04 436 55 32 668 005 04 485

OUT 9 16/08/2010 24.5 sandy mud, shell & boulders 55 32 156 005 03 893 55 32 157 005 03 851

OUT 10 22/08/2010 18 sand mud, dead maerl & shells 55 32 051 005 04 197 55 32 035  005 04 157
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Appendix 2 

 

 

 
 
Appendix 1: Biometric plots for dissected P. maximus (n = 28) individuals collected from inside the NTZ. Trendline 
represents a power relationship and its associated equation and R
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Appendix 3 

 

 

 
 
Appendix 2: Biometric plots for dissected P. maximus (n = 28) individuals collected from outside the NTZ. Trendline 
represents a power relationship and its associated equation and R
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Appendix 4 

 
 
Appendix 3: Biometric plots for dissected A. opercularis (n = 20) individuals collected from inside the NTZ. Trendline 
represents a power relationship and its associated equation and R
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Appendix 4: Biometric plots for dissected A. opercularis (n = 20) individuals collected from outside the NTZ. Trendline 
represents a power relationship and its associated equation and R
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