
 

 
 
 
 

Elliott, S. A.M., Allan, B. A., Turrell, W. R., Heath, M. R. and Bailey, D. M. 

(2018) Survival of the fittest: explanations for gadoid imbalance in heavily fished 

seas. Aquatic Conservation: Marine and Freshwater Ecosystems, 28(5), pp. 1192-

1199. 

   

There may be differences between this version and the published version. You are 

advised to consult the publisher’s version if you wish to cite from it. 

 

This is the peer reviewed version of the following article Elliott, S. A.M., Allan, B. 

A., Turrell, W. R., Heath, M. R. and Bailey, D. M.  (2018) Survival of the fittest: 

explanations for gadoid imbalance in heavily fished seas. Aquatic Conservation: 

Marine and Freshwater Ecosystems, 28(5), pp. 1192-1199. 

http://dx.doi.org/10.1002/aqc.2926  

 

 

This article may be used for non-commercial purposes in accordance with Wiley 

Terms and Conditions for Self-Archiving. 
 
 
 

http://eprints.gla.ac.uk/159275/ 
     

 
 
 
 
 
 

 
Deposited on: 7 June 2018 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enlighten – Research publications by members of the University of Glasgow 

http://eprints.gla.ac.uk 

 

 

http://dx.doi.org/10.1002/aqc.2926
http://olabout.wiley.com/WileyCDA/Section/id-828039.html#terms
http://olabout.wiley.com/WileyCDA/Section/id-828039.html#terms
http://eprints.gla.ac.uk/159275/
http://eprints.gla.ac.uk/159275/
http://eprints.gla.ac.uk/
http://eprints.gla.ac.uk/


1 

 

Survival of the fittest: explanations for gadoid 1 

imbalance in heavily fished seas 2 

 3 

Sophie A. M. Elliott11*, Brooke A. Allan1, William R.Turrell2, Michael R. Heath3, 4 

David M. Bailey1 5 

1 Institute of Biodiversity, Animal Health and Comparative Medicine, University of 6 

Glasgow, Glasgow 7 

2 Marine Scotland Science, Marine Laboratory, Aberdeen  8 

3 Department of Mathematics and Statistics, University of Strathclyde, Glasgow  9 

 10 

                                         
1 Museum National d'Histoire Naturelle (MNHN), Station marine de Dinard (CRESCO) 

38 rue de Port-Blanc, 35800 DINARD Cedex BP 70134, France. E-mail: sophie_elliott@yahoo.com 

Page 1 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 

 

ABSTRACT 11 

1. Anthropogenic activities have caused degradation of the world’s 12 

ecosystems, accelerating loss of biodiversity. In marine ecosystems, fishing 13 

has had strong impacts on fish populations and their habitats. However, not 14 

all species have responded equally to fishing pressure.  15 

2. Atlantic cod (Gadus morhua), haddock (Melanogrammus aeglefinus) and 16 

whiting (Merlangius merlangus) are of high commercial value throughout the 17 

North Atlantic. Despite having relatively similar life cycles, the state of 18 

stocks of these three species varies enormously, with whiting faring better 19 

than cod. Within the Firth of Clyde (southwest Scotland) this imbalance is 20 

especially accentuated, where small whiting now make up the greater 21 

proportion of the biomass.  22 

3. In this study, cod, haddock and whiting recruitment to coastal areas, growth 23 

and bait attraction were explored within a marine protected area (MPA) in 24 

the Firth of Clyde. Over the course of summer 2013 and 2014, whiting and 25 

haddock arrived at coastal areas earlier than cod and grew faster. Cod were 26 

on average the smallest gadoid observed and whiting the largest. Whiting 27 

also had more predominant scavenging behaviour. 28 

4. These results in combination with other life history and behaviour traits 29 

indicate that whiting may be at a competitive advantage over cod, and this 30 

may partly explain the imbalance of gadoids in the Firth of Clyde. This study 31 

highlights the importance of considering life history differences in multi-32 

species fisheries management and how appropriately managed MPAs could 33 

help restore fish population and assemblage structure. 34 

 35 
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KEY WORDS: behaviour, fisheries management, gadoid, growth, life-history traits, 36 

marine protected areas, recruitment, scavenging, stereo-video cameras.  37 

 38 

1. INTRODUCTION 39 

Growing demands on the world’s resources are affecting wildlife populations 40 

through direct mortality of target species and the transformation of their habitats 41 

(Foley et al., 2005; Sanderson et al., 2002). Reductions in population sizes from 42 

hunting or harvesting, or habitat transformation can also cause imbalances in 43 

community structures and ecosystem functioning, exacerbating extinction rates 44 

(Dobson, Bradshaw & Baker, 1997; Hammer, Jansson & Jansson, 1993). Particular 45 

life-history traits and habitat preferences can cause certain species to be more 46 

vulnerable than others (Bastrikin, Gallego, Millar, Priede & Jones, 2014; Higginson, 47 

2017). Understanding competition between species can therefore be critical to 48 

ecosystem-based management. 49 

 50 

Atlantic cod (Gadus morhua), haddock (Melanogrammus aeglefinus) and whiting 51 

(Merlangius merlangus) are all species of high commercial value and have suffered 52 

declines and alterations in population structure (Cote, Ollerhead, Scruton & 53 

McKinley, 2003; Fernandes & Cook, 2013; Holmes, Millar, Fryer & Wright, 2014). In 54 

recent years, following strict management measures, improvements have been 55 

observed in North Sea stocks of these species (Fernandes & Cook 2013; ICES, 56 

2017a). However, along the west coast of Scotland, recruitment and spawning 57 

stock biomass remains relatively low, particularly for cod (Fernandes & Cook 2013; 58 

ICES 2017b; 2017c; 2017d). Cod is also listed as vulnerable on IUCN redlist and is 59 

listed as an OSPAR threatened and declining species (Sobel, 1996; OSPAR 2014).  60 
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 61 

The Firth of Clyde (south-west Scotland) was an important fishing location for a 62 

variety of demersal species (Heath & Speirs, 2012; Thurstan & Roberts, 2010). 63 

Heavy fishing pressure during the twentieth century led to a steep decline in 64 

landings of demersal fish (Thurstan & Roberts, 2010). As a result, a prohibition on 65 

trawl fishing within three nautical miles of the shoreline was introduced (1989) 66 

(Thurstan & Roberts, 2010). However, this was repealed in 1984 due to widespread 67 

infringements and to allow access for Nephrops norvegicus fishing (Thurstan & 68 

Roberts, 2010). Since the late 1990s, the Firth of Clyde demersal trawl fishery 69 

primarily targets Nephrops, but with a significant by-catch of fish (Thurstan & 70 

Roberts, 2010). A study by Heath and Speirs (2012) showed that since the 71 

expansion of demersal trawling peaked in 1984, species richness of the Firth of 72 

Clyde has remained almost unchanged, but the evenness has declined sharply. By 73 

around 2000, 87% of the demersal fish biomass was composed of whiting, whereas 74 

this species had comprised only 7% of the biomass between 1920 and 1959. 75 

Furthermore, the mean body length in the fish community had halved since the 76 

1960. Recent studies within the Firth of Clyde by Hunter, Speirs and Heath, (2015, 77 

2016), demonstrated declining age at maturation and growth in cod, haddock and 78 

whiting, during the period of heavy fishing pressure. These observations do not, 79 

however, explain the imbalance of whiting within this semi-enclosed sea.  80 

 81 

Cod, haddock and whiting in this region are all members of the family Gadidae and 82 

are known to have relatively similar life cycles. Spawning aggregations occur from 83 

late winter to spring (Demain, Gallego, Jaworski, Priede & Jones, 2011; Olsen et 84 

al., 2010; Wright, Tobin, Gibb & Gibb, 2010). Pelagic larval eggs are produced in 85 
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batches which drift to coastal areas from late April to June where the juveniles 86 

live for the first few months (Gibb, Gibb & Wright, 2007; Olsen et al., 2010). 87 

Important food sources for juvenile gadoids include crustaceans and polychaetes, 88 

and small fish such as plaice (Pleuronectes platessa) (Bastrikin et al., 2014; 89 

Demain et al., 2011). Scavenging behaviour has been observed in all three species 90 

(Groenewold & Fonds, 2000; Jenkins, Mullen & Brand, 2004), in addition to 91 

predation between gadoids (Köster, Stephenson & Trippel, 2014; Temming, Floeter 92 

& Ehrich, 2007). 93 

 94 

This study aimed to determine the competitive interactions between gadoid 95 

species during the post-settlement phase of their life in the Firth of Clyde. 96 

Comparative analysis of gadoid recruitment, growth and scavenging behaviour was 97 

undertaken using Stereo Baited Remote Underwater Video (SBRUV) systems within 98 

a Marine Protected Area (MPA). Recruitment to coastal areas was explored by 99 

measuring relative abundance variations, size and growth over the course of the 100 

summer. Scavenging behaviour was investigated by measuring attraction to the 101 

bait. The motivation for the study was to better understand why whiting has 102 

become so dominant in the demersal fish community of the region. 103 

 104 

2. METHODS 105 

2.1. Data collection 106 

Data were collected within south Arran nature conservation MPA, the Firth of 107 

Clyde, south-west Scotland at depths of 4.0 m – 47.2 m, between June and 108 

September 2013 and 2014 (Figure 1). Gadoid sampling took place using three 109 

SBRUV frames as described in Elliott, Turrell, Heath and Bailey (2017a). From 5 110 
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6 

 

June to 29 September 2013, 80 camera deployments were carried out from a 6.5 m 111 

RIB. However, data were used from 15th July (74 deployments), as before this date 112 

no gadoids were observed. The following year, a further 185 deployments were 113 

carried out between 30 June to 18 September 2014, from a 10.8 m research vessel 114 

(RV Actinia) (Table 1). During 2014, data were not collected around the south-west 115 

side of the island due to the slower steaming speed of the vessel used. As a result 116 

of resource and logistical reasons, data were not collected continuously through 117 

the periods of data collection. In the sampling design, the area of data collection 118 

was divided into five zones, with samples collected within each zone to facilitate 119 

replication. For logistic reasons and because of the long summer day length at the 120 

study latitude, all deployments took place during daylight hours. 121 

 122 

Throughout data collection, Atlantic mackerel (Scomber scombrus) was used as 123 

bait since it is oily and so produces a down current bait plume, and is relatively 124 

inexpensive. The bait was held suspended 91 cm in front of the cameras and at a 125 

height of 46 cm above the seabed to ensure visibility between the stereo-video 126 

cameras and to minimise macro-algae hindering fish measurements. Calibration of 127 

the cameras took place prior to and over the course of field data collection within 128 

a controlled environment using methods outlined within Harvey and Shortis (1998) 129 

and CAL software manual (version 2.11, www.seagis.com.au/event.html).  130 

 131 

2.2. Video analysis 132 

EventMeasure software (version 3.61, www.seagis.com.au/event.html) was used to 133 

analyse videos. Gadoid recruitment and growth were estimated from changes in 134 

relative abundance and length measurements. Relative abundances were measured 135 
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7 

 

using the maximum number of individuals of the same species appearing in a single 136 

frame at the same time during each separate video deployment (MaxN) as 137 

described by Priede, Bagley, Smith, Creasey and Merrett (1994) and Watson, 138 

Harvey, Anderson and Kendrick (2005). Fish fork length and position measurements 139 

were taken at one time point per deployment, when the maximum number of 140 

measurable fish was present. Length measurements with a precision > 0.5 cm and 141 

a root mean square error > 2 cm were removed from analysis as recommended in 142 

the SeaGIS software manual (version 2.11, www.seagis.com.au/event.html).  143 

 144 

Gadoid scavenging behaviour was quantified using water column positions relative 145 

to the bait box and by an index of bait attraction or indifference. Gadoid water 146 

column position was estimated using stereo-video Y and Z measurements (relative 147 

to the mid-point of the camera system). Y values are approximate to height above 148 

and below the cameras and Z values are the distance from the camera system 149 

(Shortis, Harvey & Abdo, 2009). A subsample of 48 camera deployments (from 28 150 

July to 1 August 2014) was used to assess gadoid bait attraction, since this 151 

behaviour took longer to record. Gadoid bait attraction was classified as attracted 152 

when the fish swam directly towards the bait with a maximum distance of ~20 cm 153 

from the bait box. Indifference behaviour was classified when the fish swam 154 

directly past the frame and did not approach.  155 

 156 

2.3. Data analysis 157 

All statistical analysis was performed with R software (version 3.2.2). A log 158 

likelihood ratio test was used to test model significance against the null 159 

hypothesis. Tukey tests were performed to test for differences between 160 
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8 

 

explanatory categorical variables (grouped day of data collection for 2014 and 161 

gadoid species where relevant). Random effects for grouped time period and zone 162 

were included in the model where relevant and significant, to account for 163 

temporal and spatial variation (referred to by lowercase letters in Equations 1 to 164 

4). 165 

 166 

MaxN was used to analyse gadoid recruitment to coastal areas over the period of 167 

data collection (Equation 1). MaxN was analysed using negative binomial 168 

generalized linear mixed models (GLMM) (Equation 1). A negative binomial 169 

distribution was used to account for over dispersion of gadoid MaxN. Equations 1 170 

and 2 were modelled on each gadoid species separately. 171 

���(��) = 	
� +	

, ��(�) + ��� 		        (1) 172 

where �� is gadoid MaxN fitted with a logarithmic link, 
 are the coefficients, ��(�), 173 

day (2013) or week (2014) of data collection, and ���	 the random effect (zone). 174 

Subscript � refers to the number of samples and � refers to categorical explanatory 175 

variables.  176 

 177 

To explore gadoid arrival and growth over the period of data collection, gadoid 178 

length measurements were used (Equation 2 and 3). Equation 3, was modelled 179 

separately to identify whether there were significant differences in gadoid growth 180 

between the three species. Following analysis of DAtabase of TRAwl Surveys 181 

(DATRAS) Age Length Key (product for standard species only) quarter 4 (October - 182 

December) for the Firth of Clyde area, all individuals larger than 15 cm were 183 

removed from the analysis to reduce the likelihood of observing age-1 individuals. 184 

In total eight out of 9 length measurements greater than 15 cm were removed 185 
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9 

 

from the cod length dataset prior to the analysis (max size measured 21.18 cm, 186 

total mean length 8.20 cm ± Standard Error (SE) 0.19 cm). Whereas 27 out of 208 187 

haddock measurements were removed (max size measured 21.69 cm, total mean 188 

length 12.02 cm ± SE 0.21 cm) and 60 out of 152 whiting measurements removed 189 

(max size measured 35.53 cm, total mean length 14.00 cm ± SE 0.35 cm). Refer to 190 

supporting information Table 1 for gadoid length measurements after removal of 191 

these larger individuals.  192 

 193 

Length and gadoid Y and Z measurements were analysed using linear and linear 194 

mixed models (LMM), (Equation 2 to 4).  195 

�� = 	
� +	

, ��(�)	          (2) 196 

�� = 	
� +	

, ��� + ��� 	         (3) 197 

Where �� is the individual gadoid fork length, ���, gadoid species and	��� the 198 

random effect, grouped day of data collection. To explore age-0 cohorts, model 199 

distributions were identified using the Bhattacharya (1967) method. This method 200 

involves the decomposition of 0+ year length frequency distributions by visual 201 

identification of frequencies perceived to belong to one cohort. 202 

 203 

Differences in gadoid scavenging behaviour were resolved by exploring the 204 

positions of the gadoid relative to the bait box (Y and Z positions; Equation 4), in 205 

addition to gadoid bait attraction.  206 

�� = 	
� +	

, ��� + ��� + ��� 		        (4) 207 

Where �� is the gadoid Y or Z position, ��� and ��� 	are the random effects to account 208 

for spatial and temporal variations. A Wilcoxon Signed Rank test was used to 209 

estimate the significance of gadoids bait attraction differences.  210 
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 211 

3. RESULTS 212 

3.1. Gadoid recruitment and growth  213 

Over the course of summer 2013, a decline in cod MaxN was observed (Log 214 

likelihood (L) = -157.18, degrees of freedom (d.f.) = 4, dispersion (theta) = 0.93, P 215 

value (P) < 0.05; Table 1) and a 1.98 cm increase in average length (L = -233.56, 216 

d.f. = 3, P < 0.001; Figure 2; Supporting information Table 1). During summer 2014, 217 

an increase in MaxN was observed in the second (28 July-01 August) and third week 218 

(26 August - 2 September) of data collection (Tukey test P < 0.05 and P < 0.01), 219 

followed by a decline in cod MaxN in the fourth week (15 to 18 September) (L = -220 

164.80, d.f. = 6, theta = 1.09, P < 0.001; Table 1). A growth of 2.71 cm was also 221 

detected (L = -188.33, d.f. = 5, P < 0.05; Figure 2; Supporting information Table 222 

1).  223 

 224 

Haddock MaxN did not significantly increase or decrease over the course of the 225 

summer 2013 (L = -59.11, d.f. = 4, theta = 0.76, P > 0.05; Table 1). However, in 226 

2014, an increase in MaxN was observed following the first week of data collection 227 

(Tukey test P < 0.001) (L = -236.76, d.f. = 6, theta = 0.91, P < 0.01; Table 1). The 228 

latter indicates a possible recruitment pulse shortly after the first week of July. 229 

Growth was also observed over the course of data collection during 2013 (3.95 cm) 230 

and 2014 (3.22 cm) (L = -88.19, d.f. = 3, P < 0.001 and L = -228.43, d.f. = 5, P < 231 

0.001 respectively; Figure 2; Supporting information Table 1). 232 

 233 

Over the course of data collection 2013 there was no difference in whiting MaxN (L 234 

= -54.41, d.f. = 4, P > 0.05; Table 1). However, a 5.75 cm increase in average 235 
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11 

 

length of age-0 individuals was observed (L = -17.29, d.f. = 3, P < 0.05; Figure 2; 236 

Supporting information Table 1). During 2014 whiting MaxN varied over the course 237 

of data collection with a decrease in in the third week (26 August - 2 September) 238 

of data collection (Tukey test P < 0.05) (L = -2236.73, d.f. = 6, theta = 1.09, P < 239 

0.01; Table 1). An increase in growth of 1.39 cm, SE ± 0.07 cm was also detected 240 

(L = -185.11, d.f. = 4, P < 0.05; Figure 2; Supporting information Table 1). 241 

 242 

Over the course of both years cod were smaller than haddock and whiting (L = -243 

1003.89, d.f. = 5, P < 0.001) with haddock and whiting being of more similar sizes 244 

(Table 2; Figure 2). For both years, more cod (mean MaxN = 3.62, ± standard 245 

error=0.26) were observed than haddock (mean MaxN = 0.98, ± se = 0.15) or 246 

whiting (mean MaxN = 0.86, ± se = 0.13) (Table 1). Two age-0 cohorts were 247 

identified using Bhattacharya’s (1967) method for whiting whereas only one cohort 248 

was identified for haddock and cod (Supplementary information Figure 1). The 249 

latter provides evidence of pulse recruitment for whiting. 250 

 251 

3.2. Gadoid scavenging behaviour 252 

Significant differences between gadoids were observed with respect to their 253 

positioning relative to the seabed, cameras and bait. Cod positioned themselves on 254 

average closer to the sea bed and further from the cameras than haddock or 255 

whiting. Whiting average position was closest to the cameras in terms of height 256 

and distance off the sea bed (for Y L = - 1961.405, d.f. = 6, P < 0.001 and for Z L = 257 

- 2441.08, d.f. = 6, P < 0.001; Table 2; Figure 3).  258 

 259 
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Whiting were the most attracted to the bait (94%, 68 out of 74 individuals), 260 

followed by haddock (57%, 54 out of 95 individuals). Only one out of 141 cod was 261 

attracted to the bait box (Figure 4), resulting in cod being significantly less 262 

attracted to the bait than haddock and whiting (Tukey test P < 0.001) (L = -263 

105.967, d.f. = 5, P < 0.001). There was a significant size difference between the 264 

cod and whiting attracted to the bait compared to those that were not (cod: 265 

Wilcoxon (W) = 347, P < 0.001, haddock: W = 268, P > 0.05, whiting: W = 57, P < 266 

0.001). Cod larger than 15 cm were more attracted to the bait. 267 

 268 

4. DISCUSSION 269 

Rapid environmental changes provide challenges to which species need to adapt. 270 

Intensive fishing activities over the last few centuries have not only had profound 271 

impacts on targeted species but also the wider marine ecosystem (Holmlund & 272 

Hammer, 1999). Here, cod, haddock and whiting recruitment, growth and 273 

scavenging behaviour in a nursery area were compared to understand why whiting 274 

has become so dominant in the demersal fish community of the Firth of Clyde. 275 

Although cod, haddock and whiting are all members of the same family, and have 276 

apparently similar life histories, the detailed observations described here 277 

demonstrated differences in behaviours during their juvenile stages. Because there 278 

has been no systematic protection of gadoid nursery areas in the study region, 279 

these behavioural and life history differences may partly explain the documented 280 

(Heath & Speirs, 2012) biomass imbalance between these species. 281 

 282 

Cod recruited to coastal areas later than haddock and whiting (evidenced by their 283 

smaller size at the start of data collection). Over the course of data collection, 284 
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haddock and whiting grew faster than that of cod. Cod relative abundance was 285 

observed to be on average higher than that of haddock and whiting. However, this 286 

may have been due to the shallow depths which the deployments took place (< 48 287 

m). Cod have been observed to occupy shallower waters than haddock and whiting 288 

(Elliott et al., 2017a). During both years, a decline in juvenile cod relative 289 

abundance was observed at the end of the data collection. Whereas, haddock and 290 

whiting relative abundance were variable, demonstrating either stronger pulse 291 

recruitment than cod, or better survival.  292 

 293 

Bastrikin et al. (2014), undertook a similar study, observing the diet, growth and 294 

recruitment of pelagic to demersal age-0 gadoids from mid-May to the end of 295 

August in the North Sea. They observed declines in cod over the course of data 296 

collection, with haddock recruiting to coastal areas earliest and whiting having the 297 

most protracted recruitment which is in line with the observations in this study. 298 

The size ranges of juvenile gadoids observed by Bastrikin et al. (2014), were 299 

similar to those seen in this study. Spawning earlier, multiple times throughout the 300 

season, the faster growth rates and on average larger size of whiting and haddock 301 

gives them a competitive advantage over cod (Hislop, 1975; McEvoy & McEvoy 302 

1992; Wright & Trippel, 2009), and potentially makes cod more vulnerable to 303 

predation (Demain et al., 2011; Werner & Gilliam, 1984). 304 

 305 

From the combined position, and bait attraction results, whiting were observed to 306 

be more attracted to the bait than haddock and cod. In a bait attraction 307 

investigation in the North Sea by Martinez et al. (2011), whiting were also observed 308 

to be more attracted to baited camera systems than haddock. This greater 309 
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tendency to scavenge may be advantageous in a system exposed to high levels of 310 

trawling, with resultant discards and mortality of benthic fauna. It is not clear why 311 

cod may have been less attracted to the bait. They may have a lower preference 312 

for carrion or, being smaller than whiting, more driven by predator avoidance (Biro 313 

& Stamps, 2008).  314 

 315 

Studies by Demain et al. (2011), showed that as these three gadoids mature and 316 

grow, they adapt their feeding strategy to an increasingly pisivorous diet (Demain 317 

et al., 2011). The larger (older) cod were observed to be more attracted to the 318 

bait, strengthening the argument, that the on average smaller size of cod places 319 

them at a disadvantage to whiting and haddock in exploiting carrion. Gadoids are 320 

also known to predate on one another (Hislop, Robb, Bell, & Armstrong, 1991; 321 

Köster et al., 2014), and whiting have been found to be particularly veracious 322 

predators wiping out entire cod populations (Temming et al., 2007).  323 

 324 

Another factor to take into consideration when considering the Firth of Clyde 325 

gadoid imbalance, is that the habitats occupied by juvenile haddock and whiting 326 

(deeper sand and mud seabed types) (Elliott et al., 2017a), are less vulnerable to 327 

damage by mobile demersal gear than that of cod (Collie, Hall, Kaiser & Poiner, 328 

2000; Kaiser et al., 2006). Juvenile haddock and whiting are found over sand and 329 

mud substrata which are also found in large quantities throughout the Firth of 330 

Clyde (Elliott, Sabatino, Heath, Turrell & Bailey, 2017b; McIntyre, Fernandes & 331 

Turrell, 2012). Cod have been observed in higher relative abundance over fragile 332 

maerl and seagrass seabed types and more heterogeneous landscapes within the 333 

Firth of Clyde, with ontogenetic shifts in seabed type with increasing size (Elliott, 334 
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Ahti, Heath, Turrell & Bailey, 2016; Elliott et al., 2017a; Elliott et al., 2017b). The 335 

secondary impacts of seabed homogenisation from fishing activities (Jennings & 336 

Kaiser, 1998), and cod having more specific habitat requirements puts them yet 337 

again at a survival disadvantage to haddock and whiting. 338 

 339 

From 1889 to 1962 trawling was restricted to areas further than three nautical 340 

miles from the coast (Thurstan & Roberts, 2010). As of 1962 a byelaw was 341 

introduced to allow Nephrops trawlers throughout the Firth of Clyde (Thurstan & 342 

Roberts, 2010). Today, Nephrops trawling and scallop dredging still continues and 343 

results in fish mortality through bycatch (Bergmann, Wieczorek, Moore & Atkinson, 344 

2002). The continued mobile demersal activity is of particular importance given 345 

much of the maerl found to occur around the South of Arran has been observed to 346 

be in a degraded state (Elliott et al, 2017a). Reduced substratum diversity and 347 

quality from decades of demersal mobile gears may therefore be having a negative 348 

impact on cod populations (Elliott et al., 2017a; 2017b). 349 

 350 

Studies undertaken in North America and in Norway have shown that settlement 351 

and post-settlement survival of gadoid may be the best means to improve gadoid 352 

population regulation (e.g. Laurel, Knoth & Ryer, 2016; Myers & Cadigan, 1993; 353 

Olsen & Moland, 2011). Moland et al., (2013) and Murawski, Brown, Lai, Rago and 354 

Hendrickson (2000), studied the effect of demersal fish habitat protection 355 

measures on Georges Bank (Southern New England, USA) and along the Norwegian 356 

Skageerak coast. In both cases improved recruit survival was observed in cod and 357 

haddock (Moland et al., 2013; Murawski et al., 2000). 358 

 359 
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The imbalance in the Firth of Clyde may be partly explained by compensatory 360 

effects from fishing activities (Heino & Godø, 2002), where initially trawlers 361 

heavily targeted cod (Thurstan & Roberts, 2010), enabling the less commercially 362 

desirable whiting to become more abundant. However, as fisheries began targeting 363 

other species, such as whiting and plaice (Thurstan & Roberts, 2010), fisheries 364 

induced pressures may have led to the removal of larger individuals and the more 365 

adaptive species (such as whiting) becoming mature at a younger age (Hunter et 366 

al., 2015; 2016). Furthermore, since cod were so heavily targeted and for such a 367 

long period of time (from the 19th  to early 21st century) (Thurstan & Roberts, 368 

2010), stock levels may have fallen below critical levels, prohibiting any self-369 

regeneration despite recover management measures put in place (Frank & 370 

Brickman, 2000; Myers, Hutchings & Barrowman, 1997). Such depensatory effects 371 

have been found in a wide range of fisheries throughout the world (e.g. codfish, 372 

flatfish, skates and rays, tuna, swordfish, etc.) (Myers & Worm, 2003).  373 

 374 

Implications for fisheries and conservation management 375 

Whiting and haddock have exhibited better survival strategies during their juvenile 376 

stages than cod. Whiting were observed to recruit to coastal areas earlier than 377 

haddock and cod, they were observed to have the fastest growth rates and were 378 

behaviourally more dominant in bait attraction. Separate studies by Elliott et al. 379 

(2017a; 2017b) show that recently settled cod seek out very different habitats to 380 

whiting (and haddock), favouring heterogeneous substrates dominated by maerl 381 

and seagrass. These seabed types are predominantly in shallow water, so the 382 

exposure to demersal trawling in inshore waters post-1984 may have had a 383 

particularly detrimental effect on cod.  384 
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 385 

Nature conservation MPAs were not initially designated to protect gadoid stocks 386 

due to the high mobility of adults. However, given the vulnerable nature of cod 387 

stocks, protecting juvenile habitat may need to be a priority to help give them a 388 

fighting chance. This paper highlights how, insights from behavioural and life-389 

history analyses could help understand why certain stocks seem to be faring better 390 

than others and could help inform fisheries and conservation management 391 

measures to support the recovery of depleted and vulnerable populations. 392 

 393 

 394 

 395 

ACKNOWLEDGEMENTS 396 

Thanks to C. Willmott and J. Clarke for support in data collection and H. Wood, R. 397 

Cheshire and Millport Field Studies Council for the boat support for data collection. 398 

Thanks to B. McLaren for letting us use his swimming pool on Arran for SBRUV 399 

calibrations. We are also grateful to the anonymous reviewers for their valuable 400 

comments. We also thank Marine Scotland (Clyde 2020), Scottish Natural Heritage 401 

and the ClimateXChange for student support, without which the collection of the 402 

data would not have been possible. 403 

 404 

REFERENCES 405 

  406 

Bastrikin, D. K., Gallego, A., Millar, C. P., Priede, I. G., & Jones, E. G. (2014). 407 

Settlement length and temporal settlement patterns of juvenile cod (Gadus 408 

Page 17 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18 

 

morhua), haddock (Melanogrammus aeglefinus), and whiting (Merlangius 409 

merlangus) in a northern North Sea coastal nursery area. ICES Journal of 410 

Marine Science, 71, 2101–2113.  411 

Bergmann, M., Wieczorek, S. K., Moore, P. G., & Atkinson, R. J. A. (2002). Discard 412 

composition of the Nephrops fishery in the Clyde Sea area, Scotland. 413 

Fisheries Research, 57, 169–183.  414 

Bhattacharya, C. G. (1967). A Simple Method of Resolution of a Distribution into 415 

Gaussian Components. Biometrics, 23, 115-135.  416 

Biro, P. A., & Stamps, J. A. (2008). Are animal personality traits linked to life-417 

history productivity? Trends in Ecology & Evolution, 23(7), 361–368.  418 

Collie, J. S., Hall, S. J., Kaiser, M. J., & Poiner, I. R. (2000). A quantitative 419 

analysis of fishing impacts on shelf-sea benthos. Journal of Animal Ecology, 420 

69(5), 785–798. 421 

Cote, D., Ollerhead, L., Scruton, D., & McKinley, R. (2003). Microhabitat use of 422 

juvenile Atlantic cod in a coastal area of Newfoundland determined by 2D 423 

telemetry. Marine Ecology Progress Series, 265, 227–234.  424 

Demain, D. K., Gallego, A, Jaworski, A, Priede, I. G., & Jones, E. G. (2011). Diet 425 

and feeding niches of juvenile Gadus morhua, Melanogrammus aeglefinus 426 

and Merlangius merlangus during the settlement transition in the northern 427 

North Sea. Journal of Fish Biology, 79(1), 89–111.  428 

Dobson, A. P., Bradshaw, A. D., & Baker, M. (1997). Hopes for the Future: 429 

Restoration Ecology and Conservation Biology. Science, 277, 515–522.  430 

Elliott, S. A. M., Turrell, W. R., Heath, M. R., & Bailey, D. M. (2017a). Juvenile 431 

gadoid habitat and ontogenetic shift observations using stereo-video baited 432 

cameras. Marine Ecology Progress Series, 568, 123–135.  433 

Page 18 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19 

 

Elliott, S. A. M., Sabatino, A. D., Heath, M. R., Turrell, W. R., & Bailey, D. M. 434 

(2017b). Landscape effects on demersal fish revealed by field observations 435 

and predictive seabed modelling. PLoS Biology, 1–13. 436 

Elliott, S. A. M., Ahti, P. A., Heath, M. R., Turrell, W. R., & Bailey, D. M. (2016). 437 

An assessment of juvenile Atlantic cod Gadus morhua distribution and 438 

growth using diver operated stereo-video surveys. Journal of Fish Biology, 439 

89, 1190–1207.  440 

Fernandes, P. G., & Cook, R. M. (2013). Reversal of Fish Stock Decline in the 441 

Northeast Atlantic. Current Biology, 23(15), 1432–1437.  442 

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., 443 

Chapin, F. S., Coe, M. T., Daily, G. C., Gibbs, H. K., Helkowski, J. H. (2005). 444 

Global Consequences of Land Use. Science, 309, 570–574.  445 

Frank, K. T., & Brickman, D. (2000). Allee effects and compensatory population 446 

dynamics within a stock complex. Canadian Journal of Fisheries and Aquatic 447 

Sciences, 57, 513–517. 448 

Gibb, F. M., Gibb, I. M., & Wright, P. J. (2007). Isolation of Atlantic cod (Gadus 449 

morhua) nursery areas. Marine Biology, 151(3), 1185–1194.  450 

Groenewold, S., & Fonds, M. (2000). Effects on benthic scavengers of discards and 451 

damaged benthos produced by the beam-trawl fishery in the southern North 452 

Sea. ICES Journal of Marine Science, 57, 1395–1406.  453 

Hammer, M., Jansson, A.-M., & Jansson, B.-O. (1993). Diversity Change and 454 

Sustainability and Implications for fisheries. Ambio, 22, 97–105.  455 

Harvey, E. S., & Shortis, M. R. (1998). Calibration Stability of an Underwater 456 

Stereo Video System : Implications for Measurement Accuracy and Precision. 457 

Marine Technology Society Journal, 32, 3–17. 458 

Page 19 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 

 

Heath, M. R., & Speirs, D. C. (2012). Changes in species diversity and size 459 

composition in the Firth of Clyde demersal fish community (1927-2009). 460 

Proceedings of the Royal Society B: Biological Sciences, 279(1728), 543–552. 461 

Heino, M. and Godø, O.R., 2002. Fisheries-induced selection pressures in the 462 

context of sustainable fisheries. Bulletin of Marine Science, 70(2), 639-656. 463 

Higginson, A. D. (2017). Conflict over non-partitioned resources may explain 464 

between-species differences in declines: the anthropogenic competition 465 

hypothesis. Behavioral Ecology and Sociobiology, 71(7), 99.  466 

Hislop, J. R. G. (1975). The breeding and growth of whiting, Merlangius merlangus 467 

in captivity. ICES Journal of Marine Science, 36(2), 119–127.  468 

Hislop, J. R. G., Robb, A. P., Bell, M. A., & Armstrong, D. W. (1991). The diet and 469 

food consumption of whiting (Merlangius merlangus) in the North Sea. ICES 470 

Journal of Marine Science, 48, 139–156.  471 

Holmes, S. J., Millar, C. P., Fryer, R. J., & Wright, P. J. (2014). Gadoid dynamics: 472 

differing perceptions when contrasting stock vs. population trends and its 473 

implications to management. ICES Journal of Marine Science, 71, 1433–1442.  474 

Holmlund, C., & Hammer, M. (1999). Ecosystem services generated by fish 475 

populations. Ecological Economics, 29(2), 253–268.  476 

Hunter, A., Speirs, D. C., & Heath, M. R. (2015). Fishery-induced changes to age 477 

and length dependent maturation schedules of three demersal fish species 478 

in the Firth of Clyde. Fisheries Research, 170, 14–23.  479 

Hunter, A., Speirs, D. C., & Heath, M. R. (2016). Investigating trends in the growth 480 

of five demersal fish species from the Firth of Clyde and the wider western 481 

shelf of Scotland. Fisheries Research, 177, 71–81.  482 

Page 20 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21 

 

ICES. 2017a. Cod (Gadus morhua) in Subarea 4, Division 7.d, and Subdivision 20 483 

(North Sea, eastern English Channel, Skagerrak).  484 

http://www.ices.dk/sites/pub/Publication%20Reports/Advice/2017/2017/cod.27.4485 

7d20_replaced.pdf [09 January 2018]. 486 

ICES. 2017b. Cod (Gadus morhua) in division 6.a (West of Scotland). 487 

http://ices.dk/sites/pub/Publication%20Reports/Advice/2017/2017/cod.27.488 

6a.pdf [09 January 2018]. 489 

ICES. 2017c. Haddock (Melanogrammus aeglefinus) in Subarea 4 and Divisions 6a 490 

and 20 (North Sea, West of Scotland, Skagerrak). 491 

http://ices.dk/sites/pub/Publication%20Reports/Advice/2017/2017/had.27.492 

46a20.pdf [09 January 2018]. 493 

ICES. 2017d. Whiting (Merlangius merlangus) in Division 6.a (West of Scotland). 494 

http://www.ices.dk/sites/pub/Publication%20Reports/Advice/2016/2016/w495 

hg-scow.pdf [09 January 2018]. 496 

Jenkins, S. R., Mullen, C., & Brand, A. R. (2004). Predator and scavenger 497 

aggregation to discarded by-catch from dredge fisheries: importance of 498 

damage level. Journal of Sea Research, 51, 69–76.  499 

Kaiser, M., Clarke, K., Hinz, H., Austen, M., Somerfield, P., & Karakassis, I. (2006). 500 

Global analysis of response and recovery of benthic biota to fishing. Marine 501 

Ecology Progress Series, 311, 1–14.  502 

Köster, F. W., Stephenson, R. L., & Trippel, E. A. (2014). Gadoid fisheries: the 503 

ecology and management of rebuilding. ICES Journal of Marine Science, 504 

71(6), 1311–1316.  505 

Page 21 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22 

 

Laurel, B. J., Knoth, B. A., & Ryer, C. H. (2016). Growth, mortality, and 506 

recruitment signals in age-0 gadids settling in coastal Gulf of Alaska. ICES 507 

Journal of Marine Science, 73, 2227–2237. 508 

Martinez, I., Jones, E. G., Davie, S. L., Neat, F. C., Wigham, B. D., & Priede, I. G. 509 

(2011). Variability in behaviour of four fish species attracted to baited 510 

underwater cameras in the North Sea. Hydrobiologia, 670, 23–34.  511 

McEvoy, L. A., & McEvoy, J. (1992). Multiple spawning in several commercial fish 512 

species and its consequences for fisheries management, cultivation and 513 

experimentation. Journal of Fish Biology, 41, 125–136.  514 

McIntyre, F., Fernandes, P., & Turrell, W. R. (2012). Scottish Marine and 515 

Freshwater Science Report Volume 3 Number 3: Clyde Ecosystem Review. 516 

Scottish Marine and Freshwater Science Report (Vol. 3). Marine Scotland 517 

Science. http://www.gov.scot/Publications/2012/06/7562 [23 September 518 

2017]. 519 

Moland, E., Olsen, E. M., Knutsen, H., Garrigou, P., Espeland, S. H., Kleiven, A. R., 520 

Knutsen, J. A. (2013). Lobster and cod benefit from small-scale northern 521 

marine protected areas: inference from an empirical before-after control-522 

impact study. Proceedings of the Royal Society B: Biological Sciences, 280, 523 

1–10. 524 

Murawski, S. A., Brown, R., Lai, H., Rago, P. J., & Hendrickson, L. (2000). Large-525 

scale closed area as a fishery tool in temperate marine systems: the Georges 526 

Bank experience. Bulletin of Marine Science, 66, 775–798. 527 

Myers, R. A., & Cadigan, N. G. (1993). Density-Dependent Juvenile Mortality in 528 

Marine Demersal Fish. Canadian Journal of Fisheries and Aquatic Sciences, 529 

50, 1576–1590. 530 

Page 22 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 

 

Myers, R. A., Hutchings, J., & Barrowman, N. (1997). Why do fish stocks collapse? 531 

The example of cod in Atlantic Canada. Ecological Applications, 7, 91–106. 532 

Myers, R. A., & Worm, B. (2003). Rapid worldwide depletion of predatory fish 533 

communities. Nature, 423, 280–283.  534 

Olsen, E., Aanes, S., Mehl, S., Holst, J. C., Aglen, A., & Gjøsæter, H. (2010). Cod, 535 

haddock, saithe, herring, and capelin in the Barents Sea and adjacent 536 

waters: A review of the biological value of the area. ICES Journal of Marine 537 

Science, 67, 87–101.  538 

Olsen, E. M., & Moland, E. (2011). Fitness landscape of Atlantic cod shaped by 539 

harvest selection and natural selection. Evolutionary Ecology, 25, 695–710. 540 

OSPAR (2014). Background document for Atlantic cod Gadus morhua. OSPAR 541 

Commussion. ISBN 978-1-909159-56-3, Victoria House, London, UK. 542 

https://www.ospar.org/work-areas/bdc/species-habitats/list-of-543 

threatened-declining-species-habitats [18 February 2018]. 544 

Priede, I. G., Bagley, P. M., Smith, A., Creasey, S., & Merrett, N. R. (1994). 545 

Scavenging deep demersal fishes of the Porcupine Seabight, north-east 546 

Atlantic: observations by baited camera, trap and trawl. Journal of the 547 

Marine Biological Association of the United Kingdom, 74, 481–498.  548 

Sanderson, E. W., Jaiteh, M., Levy, M. A., Redford, K. H., Wannebo, A. V., & 549 

Woolmer, G. (2002). The Human Footprint and the Last of the Wild. 550 

BioScience, 52(10), 891–904.  551 

Shortis, M. R., Harvey, E. S., & Abdo, D. (2009). A review of underwater stereo-552 

image measurement for marine biology and ecology applications. 553 

Oceanography and Marine Biology: An Annual Review, 47, 257–292.  554 

Page 23 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24 

 

Sobel, J. 1996. Gadus morhua. The IUCN Red List of Threatened Species 1996: 555 

e.T8784A12931575. 556 

http://dx.doi.org/10.2305/IUCN.UK.1996.RLTS.T8784A12931575.en [18 557 

February 2018]. 558 

Temming, A., Floeter, J., & Ehrich, S. (2007). Predation Hot Spots: Large Scale 559 

Impact of Local Aggregations. Ecosystems, 10, 865–876.  560 

Thurstan, R. H., & Roberts, C. M. (2010). Ecological Meltdown in the Firth of 561 

Clyde, Scotland: Two Centuries of Change in a Coastal Marine Ecosystem. 562 

PLoS ONE, 5, e11767.  563 

Watson, D. L., Harvey, E. S., Anderson, M. J., & Kendrick, G. A. (2005). A 564 

comparison of temperate reef fish assemblages recorded by three 565 

underwater stereo-video techniques. Marine Biology, 148, 415–425.  566 

Werner, E., & Gilliam, J. (1984). The ontogenetic niche and species interactions in 567 

size-structured populations. Annual Review of Ecology and Systematics, 15, 568 

393–425.  569 

Wright, P. J., Tobin, D., Gibb, F. M., & Gibb, I. M. (2010). Assessing nursery 570 

contribution to recruitment: relevance of closed areas to haddock 571 

Melanogrammus aeglefinus. Marine Ecology Progress Series, 400, 221–232.  572 

Wright, P. J., & Trippel, E. A. (2009). Fishery-induced demographic changes in the 573 

timing of spawning: consequences for reproductive success. Fish and 574 

Fisheries, 10, 283–304.  575 

 576 

Page 24 of 33

http://mc.manuscriptcentral.com/aqc

Aquatic Conservation: Marine and Freshwater Ecosystems

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25 

 

Tables and figures 577 

Table 1: Juvenile gadoid mean MaxN over the course of data collection (SE = standard error)  578 

Year Grouped day of data 

collection 

Number of days 

data collected 

Number of 

deployments 

Mean MaxN ± SE 

    Cod Haddock Whiting 

2013 15 - 31 July 4 26 6.54 ± 0.74 0.12 ± 0.19 0.62 ± 0.28 

 12 - 26 August 3 20 1.40 ± 0.33  1.30 ± 0.94 0.40 ± 0.49  

 25 - 28 September 4 28 2.50 ± 0.77 1.25 ± 0.46 0.21 ± 0.32 

2014 30 June – 07 July 4 41 0.07 ± 0.20 0.37 ± 0.23 1.32 ± 0.22  

 28 July – 01 August 4 48 0.96 ± 0.50 1.85 ± 0.35 1.66 ± 0.31 

 26 August – 2 September 4 48 1.33 ± 0.25 0.98 ± 0.22 0.30 ± 0.16 

 15 – 18 September 4 48 0.50 ±0.25 0.85 ±0.22 0.96 ± 0.40 

 579 
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Table 2. Age-0 gadoid mean position and size and over the course of summer 2013 580 

and 2014 data collection period (Y = the height above and below the cameras; Z = 581 

distance from the cameras, SE = standard error) 582 

Gadoid Mean Y distance from 

the camera ± SE (cm) 

Mean Z distance from 

the camera ± SE (cm) 

Mean size ± 

SE (cm) 

Cod -6.68 ± -0.97 167.61 ± 2.55 7.78 ± 0.12 

Haddock -2.96 ± -0.85  146.62 ± 2.54  11.07 ± 0.14 

Whiting -3.2 ± -1.22 121.03 ± 2.50 11.25 ± 0.23 

 583 

Figure 1. Data collection locations within South Arran marine protected area (red 584 

outline) over the course of summer 2013 (blue squares) and 2014 (purple squares). 585 

Purple triangles represent samples collected for gadoid bait attraction analysis. 586 

 587 

Figure 2. Gadoid growth over the course of data collection period for 2013 (A) and 588 

2014 (B) with the model fitted lines and shaded area indicating ± 95% confidence 589 

intervals. Symbols represent individual gadoid length measurements.  590 

 591 

Figure 3. Gadoid Y and Z positioning for 2013 and 2014. Measurements closer to 592 

the camera are shown in red and further from the camera in black (Y = the height 593 

above and below the cameras; Z = distance from the cameras.  594 

 595 

Figure 4. Gadoid mean bait attraction at MaxN with standard error bars. Shaded 596 

bars show gadoids attracted to the bait and clear bars show gadoid bait 597 

indifference. 598 
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Supporting information 599 

 600 

Table 1. Age-0 gadoid seasonal size and growth 601 

Gadoid Year Season mean 

length ± SE 

(cm) 

Start of season End of season Gadoid mean 

growth (cm)   Mean length ± 

SE (cm) 

length range 

(cm) 

Mean length ± 

SE (cm) 

length range 

(cm) 

Cod 2013 7.39 ± 0.16 6.67 ± 0.17 4.20 – 10.83 8.66 ± 0.34 3.51 – 13.91 1.98 ± 0.17 

2014 8.27 ± 0.19 5.61* 5.61* 8.32 ± 0.58 3.01 – 11.88 2.71* 

Haddock 2013 12.33 ± 0.25 9.10 ± 1.27 7.57 – 11.63 13.05 ± 0.27 8.30 – 14.81 3.95 ± 1.00 

2014 10.62 ± 0.15 9.02 ± 0.46 7.69 – 12.41 12.24 ± 0.26 10.12 – 14.69 3.22 ± 0.20 

Whiting 2013 10.71 ± 0.73 9.20 ± 0.61 8.59 – 9.80 14.95* 14.95* 5.75* 

2014 11.34 ± 0.26 10.81 ± 0.35 6.30 - 14.98 12.20 ± 0.42 8.16 – 14.98 1.39 ± 0.07 

* Indicates where too few length measurements were obtained to calculate a standard error602 
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Figure 1. Bhattacharya’s method for decomposition and characterisation of 603 

Gaussian components for (A) cod, (B) haddock and (C) whiting. I) Histogram with 604 

determined Gaussian component II) Graph of the logarithmic differences in length. 605 

 606 

 607 
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Figure 1. Data collection locations within South Arran marine protected area (red outline) over the course of 
summer 2013 (blue squares) and 2014 (purple squares). Purple triangles represent samples collected for 

gadoid bait attraction analysis.  
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Figure 2. Gadoid growth over the course of data collection period for 2013 (A) and 2014 (B) with the model 
fitted lines and shaded area indicating ± 95% confidence intervals. Symbols represent individual gadoid 

length measurements.  
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Figure 3. Gadoid Y and Z positioning for 2013 and 2014. Measurements closer to the camera are shown in 
red and further from the camera in black (Y = the height above and below the cameras; Z = distance from 

the cameras.  
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Figure 4. Gadoid mean attraction at MaxN with standard error bars. Shaded bars show gadoids attracted to 
the bait and clear bars show gadoid bait indifference.  
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Figure 1. Bhattacharya’s method for decomposition and characterisation of Gaussian components for (A) 
cod, (B) haddock and (C) whiting. I) Histogram with determined Gaussian component II) Graph of the 

logarithmic differences in length.  
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