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Abstract :   
 
Since 2015, the European Union gradually implemented the landing obligation (LO). This prohibits at-sea 
discarding of species under total allowable catch management. Spatiotemporal avoidance strategies and 
increasing fishing gear selectivity are two complementary levers that could help fishers in reducing the 
amount of discards. The objective of this paper is to analyse discarding practices of demersal mixed 
fisheries in the central part of the Celtic Sea to inform on potential spatial avoidance strategies of 
unwanted catches in a multi-species context. This study provides the first international and fine scale 
discard maps based on combined observer at-sea data from Ireland, France and the UK, the main 
countries fishing in the area. Using a suite of multivariate analyses, we identified areas with similar discard 
profiles, accounting for the multi-species nature of the fisheries. The maps were also derived separately 
for the three countries to examine national versus general patterns. Strong spatial segregation in effort 
between the countries, combined with nationally distinct quotas constraints, fisheries targets and market 
preferences, resulted in limited differences in the species composition of discards, but considerable 
differences in spatial discard patterns between countries. In theory, the maps based on discards below 
and above the minimum conservation reference size could inform fishers on areas to avoid but in practice, 
the spatial ubiquity of some species involved and strong technical interactions between fishing gears limit 
the possibility of avoiding discards. Some species trade-offs could be identified that might help to minimize 
adverse impacts of the implementation of the LO. 
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1. Introduction  50 

The European Union Common Fisheries Policy (CFP) was reformed in 2013 (EU 2013), and the regulation 51 

stipulates that all fisheries will be subject to the landing obligation (LO) from 2019. It stipulates that all 52 

catch from the stocks under Total Allowable Catch (TAC) regulations (or with a Minimum Conservation 53 

Reference Size (MCRS) in the Mediterranean) must be landed, prohibiting the common practice of throwing 54 

unwanted catches back into the sea. Most European fleets will need to reduce their discards to comply with 55 

this new management rule to avoid reducing their fishing opportunities and maximize the revenue from 56 

their quota. Discarding rates are still high for some trawl fisheries (Kelleher 2005; Zeller et al. 2018; Pérez 57 

et al. 2019), which makes the implementation of the landing obligation quite challenging (Catchpole et al. 58 

2017), knowing that  high-grading is prohibited as well. The causes of discarding are diverse and the 59 

consequence of several factors including stock dynamics (e.g. seasonality, spatial aggregation), national 60 

quota allocation (e.g. low quota share of the TAC), quota availability at fleet or vessel level and potential for 61 

avoidance of unwanted catches (e.g. gear selectivity, fishing strategy), mismatch between actual stock level 62 

and management measures (TAC constraints on main or  non target species) and market drivers (demand 63 

and price for fish) (Catchpole et al. 2005; Feekings et al. 2012; Eliasen et al. 2014; Morandeau et al. 2014; 64 

Sigurdardottir et al. 2015; Pennino et al. 2017). What is clear is that discarding of fish above and below a 65 

Minimum Conservation Reference Sizes (MCRS) have different drivers which need to be considered when 66 

designing management approaches (Catchpole et al. 2014).   67 

Making changes to the selectivity of fishing gear is an approach often investigated to reduce discards but 68 

avoiding unwanted catches through changes in spatio- temporal fishing strategies is another important 69 

strategy which has, however, received less attention. Sea trials of selective gear have been performed 70 

throughout Europe with additional meta-analysis (Fryer et al. 2016, 2017) and resources, which collate and 71 

summarise how different modifications may influence the escape of different species. These resources aim 72 

to make fishermen, net makers and fisheries managers aware of the possible modifications that can be made 73 

to fishing gears,  and so develop gears with a selective performance suitable for their particular fishery 74 

(GearingUp, 2017; O’Neill and Mutch, 2017; SeaFish, 2018). However, the adoption of changes in fishing 75 

gear remains a slow process even on a voluntary basis (Eayrs and Pol 2018).  76 

Fishers also have experience-based knowledge on fishing locations of high abundance of juveniles or non-77 

target species at specific periods of the year. However, this type of information is likely to be at a fine spatial 78 
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scale and specific to fishers personal experience, and not necessarily shared depending on the balance 79 

between competition within fisheries and personal gain from being in a collaborative context (Evans and 80 

Weninger 2014). Scientists have compiled spatio-temporal catch information that covers most of the 81 

fisheries worldwide.  A wide range of method have been applied to fisheries data to provide decision 82 

support tools and maps to support fisheries management. Multivariate approaches have been used to 83 

summarize and describe catches by grouping métiers that have similar landings (Moore et al. 2019) and 84 

discards profiles (Erzini et al. 2002), describe the spatial distribution of  catches and effort at high resolution 85 

(Gerritsen and Lordan 2011) or explore the link between species composition and covariables (Pennino et 86 

al. 2017). Other alternate methodologies such as random forest (Vilela and Maria Bellido 2015) ,redundant 87 

maps  (Calderwood et al. In press) or nested grids  (Pointin et al. 2018) have been developed to provide 88 

fishing suitability and hotspots maps. On a complementary approach modeling methods have been used to 89 

explain the quantities of each species discarded per trip (Rochet et al. 2002), disentangle effects of 90 

environmental and economic variables on catches (Viana et al. 2013; Grazia Pennino et al. 2014; Maina et 91 

al. 2018) and provide useful predictions. More recently, bayesian hierarchical models better account for 92 

spatio temporal pattern and improve map accuracy (Sims et al. 2008; Paradinas et al. 2016). However, such 93 

analyses are rarely designed for, and communicated to, fishers to help them avoid discarding or to inform 94 

managers on possible approaches to minimizing unwanted catches.  95 

The Celtic Sea extends from the shelf area west of Scotland down to the western Channel south of England. 96 

The area accommodates a high diversity of marine species that support fisheries targeting different species 97 

assemblages from pelagic to demersal (Gerritsen and Lordan 2011; Martinez et al. 2013; Mateo et al. 2017; 98 

Dolder et al. 2018). The mixed nature of these fisheries leads to high discard rates, especially in the mixed 99 

demersal trawl fishery where many species occupy similar habitats and display similar behaviours making 100 

it difficult to selectively fish for individual species. The objective of this study is to analyse discarding 101 

practices of demersal mixed fisheries in the central part of the Celtic Sea which might provide insight on 102 

potential spatial avoidance strategies of unwanted catches in a multi-species context. International analyses 103 

are rarely performed because spatial data are not easily accessible to scientists and shared among EU 104 

member states and additionally because national fisheries datasets were not initially designed to facilitate 105 

pooling to support large spatial scale analyses. 106 
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This study provides, for the first time, international and multi species discard maps based on shared data  107 

from the observers at sea programmes from Ireland, France and the UK, the main fishing countries in the 108 

area. Our approach focusses on species assemblages instead of individual species maps to explicitly account 109 

for the multi-species nature of the discards. This might help stakeholders to pinpoint trade-offs between 110 

target and non-target species discards for seven of the main demersal species of roundfish and flatfish of 111 

the Celtic sea. We set out to assess the two size categories of discards separately providing multi-species 112 

spatial maps of above and below MCRS discards, and assess whether both categories occurred in the same 113 

location. A further aim was to produce maps showing country specific data to enable comparisons to be 114 

made on discarding patterns. 115 

 116 

2. Material and methods  117 

2.1 Data source 118 

The onboard observer programme is part of the European funded Data Collection Framework (DCF, Council 119 

regulation No 199/2008) used as a basis for the assessment and management of EU fisheries. Onboard 120 

observer programmes provide data on catch composition, as well as the characteristics and condition of the 121 

fishing operation. They constitute the only systematic and quantitative source of information on discarding 122 

practices at sea. Based on national sampling schemes, observers embark on commercial fishing vessels and 123 

report the geographical positions, gear, mesh size, fishing time and target species of all hauls (Rochet et al. 124 

2002; Borges et al. 2005; Enever et al. 2007). All species of fish and commercial invertebrates from the 125 

landed and discarded components are also counted, weighed and measured (with subsampling performed 126 

when necessary) for a subset of hauls.  127 

We extracted data for 2010-2014 from the French, English and Irish observer at-sea databases for the 128 

central Celtic Sea ecoregion (49-52°N; 5-11°W). We focused our analysis on the main TAC managed species 129 

targeted in the area and for which MCRS are defined in European legislation for the Celtic Sea : Gadus 130 

morhua (MCRS at 35 cm),  Lepidorhombus whiffiagonis (MCRS at 20 cm), Melanogrammus  aeglefinus (MCRS 131 

at 30 cm), Merlangius merlangus (MCRS at  27 cm), Merluccius merluccius (MCRS at 27 cm), Pleuronectes 132 

platessa (MCRS at 27 cm), Solea solea (MCRS at 24 cm). MCRS did not change in this areas over the study 133 

period. National observer data were separated based on species and MCRS (fish above and below MCRS) 134 
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and raised to haul level using length-weight keys providing total weights for above and below MCRS 135 

discards of each species. Nephrops is a commercially important and targeted species in the Celtic sea. 136 

However, the data suggests there is no above MCRS discards of Nephrops for most of the countries, leading 137 

to distinct list of species between above and below MCRS and between countries preventing us from 138 

including Nephrops norvegicus in the study.  139 

2.2 Discard maps 140 

The objective of the analysis was to identify and describe areas with similar discard profiles, using a 141 

combined set of multivariate methods (principal component analysis (PCA) and hierarchical classification) 142 

as described in (Mateo et al. 2017).  143 

Each fishing operation (haul) was attributed to a grid cell of 10’*10’ (which corresponds approximately to 144 

a grid of 0.16° longitude*0.16° latitude), based on mean haul position. Eight data sets were created: above 145 

and below MCRS discards for each country separately (France, Ireland and the UK) and all countries 146 

combined in a unique data set. The national databases were first joined to provide an average overview of 147 

spatial discards patterns based on the biggest possible amount of data. The combined data set included 148 

8147 hauls over 326 cells with the number of fishing operation per grid cell ranging between 1 and 97, with 149 

an average of 16 and median of 12. Secondly, national databases were analysed separately to address 150 

national contrasts.  Maps illustrating the number of hauls per grid cells are presented in the Supplementary 151 

data (Annex 1).  Because the discarding process is highly variable, we removed cells having less than three 152 

observed hauls, which reduced the number of cell retained for further analysis by 15 % for the combined 153 

data set and up to 30 % for the Irish datasets.  It was difficult to further disaggregate the data by year, season, 154 

gear and country/year, country/season, gear/season, gear/country etc… while maintaining good 155 

representativeness and spatial coverage to enable comparison. We aim to provide an overview at the scale 156 

of the Celtic sea while avoiding presenting a simple discard atlas. Nonetheless, analyses were performed for 157 

each quarter and each year in the supplementary material (Annex 4) and used to elaborate the discussion. 158 

For each data set, we calculated the proportion of discards of each species in relation to the total discards 159 

per cell (over the period 2010–2014). This approach allows us to consider the impact of fishing in an area 160 

over a species assemblage rather than focusing on the separate impact on each species. An alternative 161 

approach would have been to use discards quantities, which would have allowed identifying areas with low 162 

discard amounts versus high discard amounts. However, proportions are less sensitive to changes in 163 
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quantities and stabilises the species composition over time despite changes in effort, particularly for species 164 

that are relatively abundant (Gerritsen et al. 2012). The aim of the LO was not to reduce the proportion of 165 

discards, but the absolute amount of discards. As such, both absolute and relative approaches are of interest 166 

and bring complementary information.  167 

As suggested by Deporte et al. (2012), a centered and normalised PCA was applied to this matrix prior to 168 

hierarchical cluster analysis (HCA using Ward’s minimum variance method). This approach helps in 169 

reducing the dimensionality of the data and identifies the main recurring species combinations that explain 170 

the greatest variation (Legendre and Legendre 2012). Only the first six axes of the PCA (accounting for more 171 

than 80% of the explained inertia) were kept for subsequent application of HCA to reduce random 172 

fluctuations. This was done to improve the partitioning and homogeneity between and among classes 173 

(Legendre and Legendre 2012). Statistical analyses were performed independently for the eight case 174 

studies. The most appropriate number of clusters was set at 5 for each data set, representing around 50-175 

60% of the variance and a trade-off between spatial homogeneity and complexity . The percentage of 176 

variance explained as a function of the number of clusters was provided in the supplementary material 177 

(Annex 3), along with maps derived with 10 clusters.  The spatial clusters were described according to the 178 

relative abundance for each species in clusters and spatially represented on a map using a unique colour. 179 

Multi-species discards cluster maps were derived for the eight data sets independently. However, to 180 

facilitate comparison between maps, similar clusters in terms of species composition across case studies 181 

were given the same colour code. In some case, matching was difficult illustrating structural differences in 182 

the data between the eight case studies. The spatial distance between the grid cells was not taken into 183 

account, so any spatial patterns that emerge from the analysis are the result of similarities in the discard 184 

composition of neighbouring cells (as in Gerritsen et al., 2012; Mateo et al., 2017).  185 

 186 

2.3 Spatial relation between above and below MCRS discard clusters  187 

Observer-at-sea data allows us to investigate the fine scale spatial link between discards that are below and 188 

above MCRS as information were collected at the haul level. The spatial relationship between > and < MCRS 189 

discards of species is investigated by comparing how the classification of cells within each cluster of 190 

undersized data matches with the corresponding cell in the above MCRS data set .This highlights whether 191 
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similar clusters of species are identified for both below and above MCRS discards or if species are spread 192 

out between different clusters in the two data sets. .  193 

Analyses were performed using the ade4, labSv and mapplots packages available for R.3.3.3 (http://www.R-194 

project.org/).  195 

 196 

3. Results  197 

 198 

3.1 Irish discard maps 199 

Based on observer data, the most important species discarded in terms of tonnage for Ireland in the area 200 

studied was haddock, followed by whiting, hake, cod, megrim and plaice. The percentage of undersized 201 

discards in the total is 51% for haddock, 43% for plaice, 31% for cod, 20% for whiting and 17% for hake 202 

(Supplementary- Annex 2).  203 

The first point to note from the cluster analysis on <MCRS data, is that two of the seven species (cod, and 204 

plaice) were found predominantly (>50%, Table 1a) in one cluster each, suggesting that the <MCRS discards 205 

of these species tend to originate from separate catches. This statement strengthened with 10 clusters for 206 

four of the seven species (Supplementary, Annex 3).  The map in figure 1a shows that the cells occupied by 207 

these clusters are often widely distributed in space. This is particularly the case for cluster 1 which is 208 

dominated by cod (62% of the <MCRS discards of cod were in cluster 1/red cells in Figure 1a, Table 1). Cells 209 

of cluster 1 are spread out across the southern part of the study area in individual clumps. On the other 210 

hand, 78 % of <MCRS plaice discards were in cluster 5 (in pink), and there is a clear patch of these cells in 211 

the coastal zone south of the Irish coast at around 51.8°N-7.2°W. The only species where the bulk of the 212 

<MCRS discards were not found in one cluster was haddock, which was found spread over three clusters ( 213 

and up to seven clusters in the case of 10 clusters analysis), with the highest quantities found in cluster 3 in 214 

light blue (44%, patches from the south coast of Ireland to the central Celtic sea) and cluster 1 and 4 in red 215 

and purple (24 and 22 % respectively %), and in smaller quantities in clusters  2 and 5. Some clusters were 216 

characterized by a more multispecific assemblage. Cluster 4, in purple, for example highlights the co-217 

occurrence of undersized discards of whiting, haddock, sole and cod  in an area centered at 51°N-6.5°W. 218 

When increasing the number of clusters these areas are closely associated with cluster 7, which is 219 
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characterized by a larger proportion of whiting discards compared to the other species. Undersized 220 

haddock is caught together with cod in the light green cells (cluster 4), which are scattered over the entire 221 

study area. Cluster 2 (in orange) has contributions from megrim and hake, and in concentrated mainly in 222 

the south-west of the study area. When increasing the number of cluster < MCRS megrim and hake are split 223 

in distinct clusters (2 and 5).    224 

Unlike the case for the <MCRS discards, the pattern is less clear for the >MCRS fish (Figure 1b). Cluster 1 225 

consists of more than 50% cod (Table 1) but is associated with many other species ( mainly hake and 226 

haddock) with little evidence of a distinct spatial pattern, while cluster 5 (in pink) had more than 75% of 227 

>MCRS plaice and 82% of  >MCRS Sole and is distributed across inshore waters along the south Irish coast. 228 

Some of the other clusters were dominated by a single species. For instance, cluster 2 (in orange) was 229 

dominated by megrim, and spatially clustered in the southern part of the area (between 50.5-49oN and 7-230 

9oW). . Cluster 4 (in purple), characterized by both whiting and haddock, was concentrated in the north of 231 

ICES area VIIG, and up the coast in an area bound by 51-52oN and 6-7oW.  When increasing the number of 232 

clusters to 10, Cluster 7 (in dark blue), dominated by whiting was found mainly in the same areas. As with 233 

the <MCRS case, the >MCRS haddock and whiting were identified across a number of clusters.  Clusters 1 234 

and 3 (in red and light blue), characterized by a more multispecies assemblage, occupied an wide area.  235 

Despite little obvious match at first sight, some similarities exist between the maps for above and below 236 

MCRS fish. Features in the <MCRS discard map (Figure 1a), such as clusters 4 and 5 in the northeastern part 237 

of the Celtic sea, can also be found on the >MCRS map (Figure 1b). This would tend to suggest that both 238 

categories of whiting, haddock and cod were targeted and subsequently discarded in the same area.  When 239 

increasing the number of clusters spatial overlaps between both categories of plaice and cod tend to 240 

disappear but remain for whiting and haddock. The relationship between the clusters for the two size 241 

categories can be explored further in the bar charts in Figure 2. If < and > MCRS clusters were found in 242 

similar area  for each case study the first bar would be red, the second bar would be orange, the third light 243 

blue, the fourth purple and the fifth pink. More than 50% of the cells identified as being in <MCRS cluster 3 244 

and 4 and 5, were also in the same cluster for >MCRS discards, (Figure 1, Table 1, Figure 2). Species 245 

composition matches between > and < MCRS clusters can be therefore be found. However,  for clusters 1 246 

and 2  the spatial overlap was relatively small .  247 

3.2 French discard maps 248 
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Based on observer data, the most important species discarded in terms of tonnage for France in the area 249 

studied was haddock, followed by whiting, cod, hake, megrim and plaice. The percentage of undersized 250 

discards in the total is  62% for sole, 37% for haddock, 32% for cod, 18% for plaice, 14% for whiting and 251 

13% hake (Table S1).  252 

As was the case for Ireland, whiting, plaice and cod <MCRS discards were found predominantly (>50%, 253 

Table 1b) in one cluster each, suggesting that the <MCRS discards of these species tend to be caught 254 

separately. This statement extends for most of the species excluding haddock  in the 10 clusters analysis.  255 

However, the map in figure 1c shows that the cells occupied by these clusters are often widely distributed 256 

in space. Haddock was found spread over four clusters, with the decreasing quantities found in clusters 3-257 

1-4-2 (41-23-19-15% respectively).  There are clear patches of cluster 3 cells around areas 49-50°N 5-7°W 258 

and 50.5-51.5°N 5-7°W. Several clusters were characterized by a more multispecies assemblage. Cluster 259 

1(in red, Figure 1c) for example highlight the co-occurrence of undersized discards of cod and haddock over 260 

the entire area west of 7°W. The co-occurrence of undersized discards of whiting and haddock (cluster 4 in 261 

purple) are identified together in the north east of the area (51-52°N 5.5-6.5°W ) while the co-occurrence 262 

of undersized discards of hake and megrim and sole (cluster 1 in red) cover an important area in the central 263 

area of the Celtic sea  (49.5-51°N 7-9°W).  264 

Distribution in space of statistical clusters are less clear for >MCRS discards (Figure 1d), as observed with 265 

the Irish data set. The co-occurrence of >MCRS discards for most of the species within cluster 5 (pink) are 266 

scattered across the entire area east of 8°W. Two clusters show more patchy features; Cluster 4 in purple, 267 

characterized by whiting and plaice, is concentered in the north east while cluster 2 in orange, characterized 268 

by hake and megrim, is spatially concentrated in the central part of the study area. When increasing the 269 

number of clusters, most of the clusters show little obvious spatial pattern and cells close in space are often 270 

classified in different clusters. One can notice that oversized discards of sole and plaice are disentangled 271 

from the co-occurrence of whiting and haddock, with the formers being mainly encountered in coastal areas 272 

(cluster 8 and 10 versus 9). . 273 

Comparisons between Figure 1c and 1d inform on the ability to avoid <MCRS and >MCRS catches in the 274 

context of the LO. The more that discards of a single species and size category dominate a cluster in a specific 275 

area, the higher the potential for spatial avoidance. In contrast where a single species dominates an area for 276 

both size categories there is higher potential for introducing selective measures to avoid <MCRS catches.  277 
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We identify few spatial similarities between the two maps with both 5 and 10 clusters. However, both 278 

categories of whiting and haddock seem to be caught in the same area located in Nephrops grounds in the 279 

north east of the Celtic Sea. This indicates that <MCRS fish are difficult to avoid in this particular area when 280 

targeting adult fish. As with the Irish data, results based on French data and 10 clusters support the idea 281 

that plaice are fished and discarded in the same coastal area (Annex 3, cluster 8,10). In contrast, well defined 282 

clusters such as  cluster 3 (in light blue Figure 1c) of < MCRS haddock discards, especially the southern east 283 

patch, is spread out in various clusters of > MCRS discards including >MCRS whiting (cluster 4) and cod 284 

(cluster 1) (Figure 2-FR). The spatial mismatch between cluster 1 for < and >MCRS discards supports the 285 

idea that both categories of cod were to some extent caught in different places (Figure 1c, Figure 2-FR). 286 

Spatial overlaps was quite good for clusters 2 and 5 (Figure 2-FR), however they both have much higher 287 

area coverage in the > MCRS maps compared to < MCRS maps.  288 

 289 

3.3 UK discard maps  290 

Based on observer data, the most important species discarded in terms of tonnage for the UK in the area 291 

studied were cod and haddock, followed by megrim, plaice, hake and whiting. The percentages of > and < 292 

MCRS discards vary between species. The percentage of undersized discards in the total is  42% for 293 

haddock, 40% for plaice, 26% for sole and 12% for whiting (Table S1). For the remaining species (cod, hake 294 

and megrim) less than 6% of those discarded were below MCRS.  295 

Two up to five of the seven species, depending on the number of clusters in the analysis, were found 296 

predominantly in separate clusters, suggesting that the <MCRS discards of these species tend to be caught 297 

separately (Table 1c). In contrast to French and Irish maps, clusters are often found closer together 298 

supporting stronger spatial homogeneity (Figure 1e). Clusters 3 (in light blue) is essentially located south 299 

of 50°N and east of 7°W with 47% of the <MCRS discards of haddock.. Clusters 5 (in pink) is concentrated 300 

along 5°W at the mouth of the Bristol Channel and is characterized by 70% and 90% of undersized plaice 301 

and sole discards respectively. The 10-cluster analysis tends to separate sole and plaice discards in space. 302 

The co-occurrence of <MCRS discards of haddock and whiting are found in cluster 4 north of the Scilly Isles.  303 

In contrast with the 10 cluster maps, the 5 cluster maps for the >MCRS fish (Figure 1f) highlight well-defined 304 

patches; however most of the clusters are made of multi species assemblages. Only three clusters were 305 
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characterized by a single dominant species (> 50%, Table 1c). Above MCRS discards of megrim and hake 306 

are well distinguished (with cluster 4 more north than cluster 2) ,while being merged in the < MCRS analysis. 307 

Oversized discards of cod are widely distributed over the central part of the Celtic sea and south of the Scilly 308 

Isles (cluster 1). Clusters 3, 4 and 5 were characterized by multispecies assemblages with the former being 309 

localized south of 50°N (haddock whiting, megrim) , and the latter two north of 50°N (cod, hake, sole, plaice 310 

and whiting).  311 

Spatial coverage of the two maps (Figure 1e and 1f, Figure 2-UK) indicates that clusters of <MCRS fish 312 

catches are found closer to the shore than clusters of >MCRS fish. The relationship between the clusters for 313 

the two size categories is further quantified in Figure 2, where we can see for example that most of the 314 

orange cells of cluster 2 for < MCRS data (dominated by megrim and haddock discards) are included in 315 

cluster 2 for >MCRS data. The results also indicate that both plaice and sole are caught in the same general 316 

areas (pink cells) and both <MCRS and >MCRS are caught in these areas (Figure 2, cluster 5). When 317 

considering the < and > MCRS discards, separately, different species dominate discards in different areas, 318 

in particular sole, hake and megrim but also haddock, whiting and cod to a lesser extent, indicating that 319 

some spatial avoidance of these species and size classes could be achieved.  320 

3.4 International discard maps  321 

For the <MCRS discards, the analysis of the combined data set reveals clusters defined similarly as those 322 

identified from the data analysis carried out separately for each country (Table 1d). Two clusters are 323 

dominated by a single species in all three country datasets and the international dataset : clusters 1 (cod) 324 

and 3 (haddock). There were several clusters with more than 10% of the haddock discards, and one of these 325 

(clusters 1) was apparent in all individual country data and for the ensemble. While the multi-national 326 

clusters were broadly defined by similar discard profiles to the national, the spatial distribution of clusters 327 

were less consistent between the different analyses. Some clusters were located in similar areas for the 328 

separate and combined international maps, such as < MCRS cluster 5 in pink and to a certain extent cluster  329 

3 and 2, which remain spread out across the area or on the southern area along the slope of the continental 330 

shelf.  Because of the spatial segregation of discards and effort between countries, some clusters of the 331 

combined analysis appear as the sum of the three countries maps. This is particularly the case of cluster 3 332 

(in light blue, Figure 3) which results in the addition of the patch from the south coast of Ireland to the 333 

central Celtic sea identified on the Irish maps (Figure 1a), the patch around areas 49-50°N 5-7°W and 50.5-334 
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51.5°N 5-7°W identified on the French data (Figure 1c) and the patch south of the Scilly Isles identified on 335 

the UK maps (Figure 1e). The co–occurrence of undersized discards of haddock and whiting identified in 336 

the northern part of the area between Irish and UK coasts on French and Irish maps is well defined on the 337 

international maps. Given the surface area cover by cluster 3 in light blue, 5 clusters seems insufficient to 338 

describe > MCRS spatial pattern at an international level. Maps with 10 clusters shown in the supplementary 339 

provide a more detailed and likely more appropriate description of the spatial discard pattern.  340 

For >MCRS fish, greater differences appear between the composition of clusters (table 1abcd). The relative 341 

abundance for each species in clusters are especially different between national and international analyses 342 

for clusters 1,2 and 5. It is not easy to compare the individual maps in figures 1b, d and f, however, one can 343 

see that cluster 2 (in orange Figure 3) combines the >MCRS megrim patches identified on the Irish and UK 344 

maps in the south east of the area. As with individual national analysis, spatial overlap between < and 345 

>MCRS clusters is medium to low (< 50%), except for clusters 4 and 5 (supplementary, Annex 2).  346 

Presenting all national clusters together is feasible with 5 clusters but becomes difficult with an increasing 347 

number of clusters; however, each cluster can be mapped separately for all countries. Figures 4 and 5 348 

illustrate what can be done to facilitate comparisons between the different national datasets. Figure 4 helps 349 

in comparing cluster locations between countries in overlapping cells of the same cluster (Figure 4 ab for 350 

cluster 8 and Figure 4 cd for cluster 1) identified by France, Ireland and the UK for > and <MCRS discards 351 

separately based on the results of the 10 clusters analysis. The two examples (for clusters 1 & 8) show clear 352 

differences in spatial patterns. For cluster 8, the discards of fish above and below MCRS have very similar 353 

distributions, so it would be difficult to fish adult plaice in areas with few <MCRS plaice. Conversely, we can 354 

see quite different spatial distributions for cluster 1, which is dominated by high cod discards. From this it 355 

is clear that adult and juvenile cod are discarded in distinct areas, with adults being discarded further north 356 

and west than the juveniles. Figure 5 helps in identifying the spatial match and mismatch between > and 357 

<MCRS discard clusters, using the example of cluster 9 and the four data sets. Using the whole combined 358 

dataset, we can see that cluster 9, characterized by discarding of haddock and whiting, is most prevalent in 359 

an arc along the Irish coast and down to Cornwall. This pattern is less visible in the national data. The UK 360 

and Irish data taken together include much of the area seen in the combined data set. The distribution of 361 

the French clusters is more in the central Celtic Sea. In all the maps in Figure 5, the < and >MCRS discard 362 

clusters are in very similar areas, with little potential for avoidance.   363 
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It is well known that >MCRS discard quantities evolve within a year due to intra annual growth (which can 364 

be important for gadoids) and movement from coastal nursery to more off shore feeding ground which 365 

often correspond to fishing grounds. We illustrate what can be done to facilitate comparison between 366 

quarters based on the 5-cluster analysis on the combined data set. Spatial coverage and species composition 367 

of cluster 5 is stable through time (Supplementary, Annex 4), even if the proportion of gadoids increases 368 

slightly at the end of the year. Cluster 4 is characterized by the co-occurrence of haddock and whiting in 369 

addition to sole in quarter 2 and cod in quartier 4. Its spatial distribution evolved with a clear distinct patch 370 

north of the Celtic sea in quarter 3 and a more widespread distribution in quarter 4. Cluster 3 accounts for 371 

the higher percentage of haddock discards and all year long it is always distributed over the entire area 372 

even if a clear patch appears south of the Scilly Isles at quarter 4. Species composition and spatial 373 

distribution are less consistent between quarter for clusters 1 and 2, even if cluster 2 is recurrent along the 374 

continental slope.  However, it is difficult to assess whether the changes in spatial distribution are due to 375 

lack of observation in some areas in some quarters and if species composition results in change in biotic 376 

environment or if is an artifact of the underlying sampling scheme, métier, gear, etc …  377 

 378 

4. Discussion 379 

Multinational spatial descriptions of landings (Mateo et al. 2017) and métier (Moore et al. 2019) were 380 

already performed in the Celtic Sea. However, to our knowledge, this study is the first multispecies, fine 381 

scale, spatial analysis of discards conducted at multinational level in the area. The core aim was to use 382 

observer data to identify where commercial fish were discarded and with what other species. It provides 383 

an overview of discard locations at species levels for both below and above MCRS discards in the central 384 

region of the Celtic Sea. It also sought to identify the spatial correspondence, or lack of, for discards above 385 

and below MCRS between countries and all countries combined.  386 

Considering first the analysis of the fish below MCRS. Knowing where these undersized fish are is the key 387 

to avoiding their capture. Indeed, the present study has shown that there are clusters of undersized discard 388 

events dominated by a single species, and that, at least in some cases these can be delineated geographically. 389 

Species distribution of < MCRS fish are consistent with literature on spatial distribution of species and 390 

nursery grounds in the Celtic sea for hake (Kacher and Amara 2005), whiting (Verdoit 2003; Persohn et al. 391 
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2009) and flatfish (Maxwell et al. 2009). However, our analysis have the advantage of bringing all this 392 

information together on a single map. When zooming out from species to communities, our results conform 393 

to bathymetric and latitudinal clines in fish distributions and abundances with three main assemblages : i) 394 

the roundfish species (haddock and whiting) separated from the flatfish (plaice, sole) and the deeper water 395 

assemblage (megrim, hake and anglerfish) (Martinez et al. 2013; Dolder et al. 2018).  Avoiding undersized 396 

catches by avoiding these “hot spots” may appear simple for a single species but will be much more complex 397 

in a mixed fishery. However, the mapping may help reduce the likelihood of catching these unwanted fish, 398 

while not eliminating it. We have shown , for instance that <MCRS fish were found predominantly in near 399 

shore areas along the coast, especially for sole, plaice and whiting and in particular when examining the 400 

English dataset. It is clear, therefore, that depth and to a lesser extent substrate are important variables for 401 

describing the main driver of similarities and differences in distributions and abundances for the different 402 

species (Dolder et al. 2018). However, using these aggregated data, it is not possible to conclude whether 403 

this is due to the distribution of the fish or the gear and mesh sizes used in these areas. Discrete patterns, 404 

where undersized haddock and whiting co-occurred, were also identified in the north east of the Celtic sea 405 

(between 50-51°N and 6-7°W). These fishing grounds are also those where Nephrops is heavily targeted 406 

(Sharples et al. 2013; Mateo et al. 2017). While this study did not include Nephrops  (due to previously 407 

described data issues), métiers targeting this high value species are included through their catches of other 408 

species. These métiers are likely to substantially drive discards of < MCRS haddock and whiting in such 409 

areas, highlighting the need for gear modifications to eliminate such undersize whitefish catches from the 410 

Nephrops fishery 411 

As with <MCRS fish, identifying where discards of >MCRS were abundant, and then avoiding such areas, has 412 

the potential to mitigate the choke problem to some extent. The findings and maps from this study suggest 413 

that there may be some potential in this approach. For instance, we identified clear clusters dominated by 414 

megrim, hake and whiting for all three countries separately and when all countries were analyzed together. 415 

In the 10 cluster analysis the >MCRS megrim cluster showed two areas of concentration, “hot spots”, south 416 

of 50°N, identified by the Irish and UK data set. Another, more multi-species cluster including whiting also 417 

showed similar hot spots on both French and Irish > MCRS maps. The hake cluster while prominent at the 418 

shelf break was also found scattered across the shelf (Kacher and Amara 2005; Mateo et al. 2017). Discards 419 

of other species such > MCRS cod, while dominating a single cluster, were spatially scattered across the 420 

study area. Above MCRS haddock were found in several clusters, and were also scattered across the study 421 
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area (Verdoit 2003; Dolder et al. 2018). Despite the extent to which the different clusters are aggregated or 422 

scattered across the Celtic Sea, it still may be possible for industry to use these data and resultant maps to 423 

identify where a given target species might be caught, in the absence of choke species, or to inform that in 424 

a given area there is high risk of encountering fish they may wish to avoid (as quota is used up).  425 

Under an effectively implemented LO, fishermen will be motivated to avoid catching <MCRS fish and quota 426 

restricted species. In our analysis, we found that for several species there was spatial overlap in the clusters 427 

for above and below MCRS dominated by the same species, for example whiting, megrim, hake and plaice. 428 

This indicates that fishers could potentially avoid locations where these clusters occur and avoid catches of 429 

those species without losing other wanted catches. If, however, they wanted to target these species, they 430 

would risk taking high <MCRS catches also, unless the selectivity of the gear was modified.  Even where the 431 

spatial distributions are not discrete and there are no “hot-spots”, it should still be possible to use the results 432 

of these analyses to show what a fisher would be likely to encounter if he were to fish in a particular area, 433 

assuming this average annual pattern properly reflects what happens at any month in the year. If the area 434 

they would like to fish has a high likelihood of including high unwanted catches of, say, cod (Cluster 1), and 435 

they are close to quota for cod, they may wish to avoid this area. In some cases, as seen for plaice and sole 436 

caught by the UK fleets, discards of <MCRS and >MCRS for the same species strongly overlap which suggests 437 

there is opportunity to avoid these catches by fishing elsewhere.  Certainly work previously conducted by 438 

Calderwood et al (In Press) indicated that the use of such mapping techniques to better target or avoid 439 

certain species could extend fishing opportunities under the LO, and the maps presented in this paper could 440 

assist further with this. There are few certainties in this approach, however, these data provide additional 441 

information that fishermen can use to make informed decisions about where they fish. In addition to the 442 

work presented in this study, the magnitude of discards per grid cell would be a valuable additional 443 

information source for fishermen regarding the risk of getting substantial unwanted catches. However, the 444 

raising procedure of discards requires a dedicated amount of work, especially when dealing with multi 445 

species catches in mixed fisheries made of international métiers and fleets.   446 

 447 

For the purpose of this study, data from the various national métiers were pooled together in order to 448 

provide a general overview of the spatial distribution of discards. However, fishing methods affect catches 449 

and in the Celtic Sea strong spatial segregation in fishing efforts per gear (Mateo et al. 2017)  and countries  450 
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(Moore et al. 2019) have been reported. These are likely to be responsible for some of the differences 451 

observed between the three country’s maps. Fleet and métier based discard descriptions has support an 452 

important amount of literature in the Celtic sea (Rochet et al. 2002; Borges et al. 2005; Enever et al. 2007; 453 

Pointin et al. 2018). Due to the spatial segregation between gears, comparison between métier would be 454 

difficult when one of our objective was to provide an overview on the entire area.  Nonetheless,  the analysis 455 

could be implemented at métier level to address specific requests from the industry, with some caution 456 

being exercised dependent on the quantity of data available. The UK fleet in the study area is mainly 457 

composed of beam trawlers targeting benthic flatfish species along the coast, while the otter trawl gears 458 

used more predominantly by France and Ireland are known to have higher catch rates of roundish (Fraser 459 

et al. 2008). Differences observed between the maps produced per country may also, to a certain extent, be 460 

explained by the fact that they did not face the same quota constraints (Table2). Average quota uptake for 461 

Ireland was close to 100% for all the stocks considered except for plaice 7fg and sole 7hjk.  Landings were 462 

below the fishing quotas for the UK except for haddock, plaice 7hjk and megrim with some year-to-year 463 

fluctuations. Mean percentage of quota uptake for France was also below 100% for most of the stocks (with 464 

some variability depending on the year), except for the two stocks of plaice and sole 7hjk. In light of this, 465 

the balance between > and <MCRS discards by species and countries presented in Table S1 suggests that 466 

discarding is not only the result of constraints on TAC and quotas but highlights the influence of potential 467 

market issues. It is recognized that the discard patterns observed have been influenced by the specific 468 

conditions for the vessels during each of the sampled trips with regard to quota availability and response 469 

to market opportunities.  470 

This study was focused on the potential to avoid catching unwanted fish in the first place, but at best that is 471 

likely to reduce, not eliminate, the impact of the LO. The necessary parallel and complementary response 472 

will be to modify the selectivity of the fishing nets. However, it is impossible to design gears with so called 473 

“knife-edge” selectivity, where all fish of one species are retained over MCRS, and the rest escape. Under the 474 

LO, all catches of >MCRS must be landed which leads to the risk of choke events for restricted quotas 475 

(Schrope 2010), whereby once the quota is reached for one species in a mixed fishery, fishing has to stop to 476 

avoid any further over-quota catches. In mixed fisheries, different species have different MCRS, catchability 477 

and behaviors in the net. Selectivity measures may represent part of the solution (Fauconnet and Rochet 478 

2016), but precisely matching the quota available to a vessel operator with the catch composition using only 479 



18 
 

gear selectivity changes is unlikely.  Therefore, there will always be a trade-off, the more undersized fish we 480 

allow to escape, the more over MCRS fish also escape. 481 

 In the period of this study, haddock TACs have been exhausted every year for all three nations (Table 2), 482 

leading to high discard rates. Undersized discards of haddock account for 40 to 50% of national discards 483 

(Table S1). Under the LO, previously discarded fish will now count against quotas, therefore there is a direct 484 

incentive to avoid undersized fish in order to maximize the revenue from quotas and minimize choke risk. 485 

Here we show that for species such as haddock, for which <MCRS haddock discards were found in many of 486 

the >MCRS clusters, for all three nations, across the entire area, the modification of gear selectivity will be 487 

an absolute necessity in addition to avoidance behaviour.  Historically, discards of fish above MCRS has often 488 

been related to quota constraints e.g.  (Batsleer et al. 2015). However, whiting in the Celtic sea showed a 489 

different picture. International TAC uptake over the study period is around 60%, with low quota uptake for 490 

France and UK, but almost 100% for Ireland. Nonetheless >MCRS discards account for 80 % of the discards 491 

suggesting strong market issues influencing discards. Our analyses highlighted that whiting and haddock 492 

were often caught and discarded together, as also highlight in (Mateo et al. 2017; Moore et al. 2019). The 493 

maps derived with 10 clusters indicate that avoiding <MCRS discards of haddock while not reducing caches 494 

of above MCRS whiting would be possible by fishing an area identified in the French and UK data south of 495 

the Scilly Isles. In the case of megrim in the Celtic sea discard rates were around 20% while quotas were not 496 

entirely taken except for the UK and 90% of discards for the three countries consisted of individuals >MCRS, 497 

which suggests market drivers instead. As with the North Sea megrim stock, discarding in the Celtic Sea 498 

could be also related to the higher susceptibility of megrim to bruising i.e., some body damage from abrasion 499 

with species like gurnards or boarfishes in the codend (Macdonald et al. 2014). As bruised catches are less 500 

appealing to buyers or fetch lower prices, discards of marketable fishes (in terms of MCRS) seem more likely 501 

to occur. For plaice, both international TAC and national quotas were constraining leading to high discards 502 

rates of >MCRS fish for Ireland and UK. Under the LO, such a non-target species can potentially choke both 503 

flatfish and whitefish demersal fisheries (Catchpole et al. 2017; ICES 2018). Comparison of discards maps 504 

of the three countries indicates that both above and below MCRS plaice discards were found in similar 505 

locations on coastal areas along both Irish and UK coasts. The co-occurrence with sole, a more valuable 506 

target species, might predominantly affect UK beam trawl fleets in the sense that spatial avoidance 507 

strategies are unlikely to be effective in avoiding catches of plaice and maintaining catches of sole.  508 
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This work is complementary to  studies that have assessed the fishing suitability of an area based on discard 509 

per unit effort or discards to retained catch ratio (Viana et al. 2013; Grazia Pennino et al. 2014; Paradinas 510 

et al. 2016). We provide an overview of discard locations at multi species levels for both below and above 511 

MCRS discards in the central region of the Celtic Sea.  It also sought to identify the spatial correspondence, 512 

or lack of, for discards above and below MCRS between countries and all countries combined. Previous 513 

analysis  focused on discard to landings ratio, in this analysis we put the emphasis on discards only and 514 

distinguished < and > MCRS components because they have different implications in terms of management 515 

(Catchpole et al. 2014, 2017).  It would then be interesting to investigate whether there is a link between > 516 

MCRS discards and landings quantities to better understand the link between the different components of 517 

the catches.  518 

Scientific observer data represent the only detailed source of information on discarding practices at sea. 519 

However, they represent a very small proportion of fishing trips, between 1 and 3% at the national level. 520 

Putting together Irish, French and UK data has increased the number of observations, albeit without 521 

increasing the proportion of the fishing activities sampled. The robustness of our conclusions will still 522 

depend on how representative the national sampling actually is, and will only ever provide a partial view of 523 

discarding behaviour. The influence of variables that may significantly affect discarding risk – such as the 524 

seasonal and annual effects but also the use of different fishing gears, gear designs (e.g., mesh size), methods 525 

(e.g., time of day of fishing) or skipper effects have been investigated in the literature using modeling. 526 

However, considering the amount of data available through observer at sea programmes it is difficult to 527 

additionally account for spatial pattern at finer scales. It often requires interpolation methods to extend 528 

prediction to unobserved area. Multivariate analyses such as those used in this study are powerful to 529 

summarize big data sets and did find similarities between entities, nonetheless they have no predictive 530 

capabilities.  Even with three national databases pooled together, it was difficult to disaggregate the data 531 

set into quarter or year without decreasing drastically the number of cells observed (reducing the overall 532 

picture of the entire area) and the number of FOs in each cells. Increasing the size of the cells can help 533 

overpassing these issues, but tradeoffs should be made to avoid having too large cells leading to spatial 534 

avoidance strategies that result in limited fishing activity over large areas. One way to improve the accuracy 535 

and precision of the maps and maybe look at shorter time periods (such as quarter for example), to account 536 

for seasonal migration of fish and spawning aggregations, could be to use similar data that could be collected 537 

by fishermen themselves. This could be through science-industry partnerships or use of finer logbook 538 
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information, e.g. by haul rather than day or trip. The design and implementation of such partnerships is 539 

never straightforward (Kraan et al. 2013); but stakeholders are becoming more engaged in providing 540 

industry data in parallel to data collection programs to fill the gaps (Mangi et al. 2018).  541 

The use of the type of spatial information at multispecies levels we have generated here by the fishing 542 

industry might appeal for more interactions between science and industry. Spatial management strategies 543 

may require additional (e.g finer spatial and temporal resolution and maybe real time) information (Little 544 

et al. 2015; Woods et al. 2018). The cluster analysis, the maps, and their subsequent analyses can help as a 545 

first approach to indicate the discarding risks of any particular area, but we should not be making decisions 546 

for the fishers. A further step would then be a more advanced modelling approach that would incorporate 547 

spatiotemporal effects and uncertainties and provides predictions on unobserved area.  The main benefits 548 

of this work, and other similar work with observer data, will come from sharing the information in a format 549 

that fishermen can use to make decisions about their fishing operations. This could be as a risk map by 550 

species of what the likely issues with fishing in any given area might be. Other approaches can be real-time 551 

incentives using catch information. In that context, we could also envisage the use of web-based apps that 552 

can be interrogated by fishers before they sail and when at sea for single species and sizes or for different 553 

target and unwanted species.  Similar approaches have been developed in the English Channel, x the Irish 554 

sea and the Celtic Sea (Reid and Fauconnet 2018).  555 
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Figures and tables captions  722 

 723 

Figure 1. Discard maps of <MCRS (a) and > MCRS (b) fish for Ireland. Discard maps of <MCRS (c) and > MCRS 724 
(d) fish for France, Discard maps of <MCRS (e) and > MCRS (f) fish for UK.  725 

 726 

 727 

 728 

 729 
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Figure 2.  Bar plots illustrating in which proportion the cells of each cluster of undersized discards are classified 730 
in oversized discards clusters. If all cells classified as cluster 1 for undersized discards were also classified in 731 
cluster 1 for oversized discards, the first bar would be entirely red.  732 

 733 

Figure 3. Discard maps of <MCRS (a) and > MCRS (b) fish for Ireland, France and UK data analyzed together.  734 

  735 

Figure 4. Overlapping maps of cluster for international and national data for cluster 8(a-b) and cluster 1 (c-d) 736 
and for < MCRS discards (a,c) and > MCRS discards (b,d).  737 
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 738 

 739 

Figure 5. Overlapping maps of < and > MCRS discards for cluster 9 based on a) all data combined, b) Irish data, 740 
c) French data and d) UK data.  741 
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Table 1. Relative abundance for each species in clusters of < and > MCRS discards for Ireland (a), France (b) , 745 
UK (c), and the three countries combined (d). 746 
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 760 

Table 2.  Mean percentage of TAC uptake by stock and countries between 2010 and 2014. Data comes from 761 
both ICES advice sheets for each stocks (http://www.ices.dk/community/advisory-process/Pages/Latest-762 
Advice.aspx) and EU legislation on fishing opportunities  763 
(https://ec.europa.eu/fisheries/cfp/fishing_rules/tacs).   764 

 765 

 766 

 767 

 768 

 769 

 770 


