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Abstract : 
 
Species that have a high likelihood of surviving the discarding process have become great concern 
since the European Union reformed the Common Fisheries Policy and enacted a landing obligation 
prohibiting the discarding any individuals of species under quota. Among species presenting an 
elevated survival potential, plaice (Pleuronectes platessa) is one of the most discarded in the coastal 
otter trawl fishery in the English Channel. 

The objective of this study is to provide the most reliable estimates of plaice survival after release in 
commercial conditions, and to identify the factors that influence survival rates. A captivity experiment 
was conducted in January–February in the English fishery to assess the survival of discarded plaice as 
a function of a semi-quantitative index of fish vitality, which has been demonstrated to be a good proxy 
of fish survival in comparable fishing and environmental conditions. This study examined the potential of 
this index to estimate discard survival in three trials from the English and French fisheries and at three 
different seasons. The vitality index was then used to analyse the influence of several factors (fishing 
practices, environmental conditions and fish biological characteristics) on the discard survival. 

The survival rates for plaice were accurately estimated at 62.8% in January–February, 66.6% in 
November and 45.2% in July. While these rates remained substantial whatever the fishing, 
environmental or fish biological conditions, the time fish spent on the deck, the bottom and air 
temperatures, the tow depth and the fish length had a significant influence on plaice survival. In 
practice, plaice survival could be enhanced by releasing the fish early during catch sorting and avoiding 
exposure to extreme air temperatures. 
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Highlights 

► Survival rates of European plaice in the English Channel otter trawl fishery. ► Between 45 and 67% 
of plaice survived depending on seasons and vessel. ► Semi-quantitative vitality index is a relevant 
proxy of plaice discard survival. ► Handling duration, temperature and fish length were the main 
survival drivers. ► Release back to the sea during catch sorting substantially increases survival. 
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1. INTRODUCTION 38 

The European Union recently modified its Common Fisheries Policy (CFP) and has enacted a landing 39 

obligation under which discarding of species under quota management will be prohibited (Official 40 

Journal of the European Union, December 28th 2013). However, the regulation acknowledges that 41 

there may be net benefits to conservation of allowing discarding in certain instances where there is 42 

the likelihood of successful live release of unwanted catches. Specifically, article 15 paragraph 4(b) of 43 

the regulation allows for the possibility of exemption from the landing obligation for “species for which 44 

scientific evidence demonstrates high survival rates, taking into account the characteristics of the gear, 45 

of the fishing practices and of the ecosystem”. While no threshold has been defined for a “high survival 46 

rate”, exemptions will be allowed for species and fisheries where survival levels are assessed to be 47 

sufficiently high. In this context, there has been a recent enhanced focus on the estimation of discards 48 

survival and the identification of stressors involved in discard mortality in European marine fisheries 49 

(Breen et al., 2012; Depestele et al., 2014; Méhault et al., 2016; Uhlmann et al., 2016). 50 

European otter trawl fisheries have received particular attention given the large amounts of discards 51 

they generate (Cornou et al., 2015). Furthermore, capture in trawls is recognised to be stressful for 52 

fish, causing injuries such as abrasion, crushing and scale loss, and leading to exhaustion by sustained 53 

swimming (Davis, 2002), with severity depending on the gear type and how it is fished (e.g. haul 54 

duration, towing speed) (Macbeth et al., 2006; Wassenberg et al., 2001). When the trawl is hauled 55 

back, overcrowding of fish in the net, along with changes in environmental conditions such as pressure, 56 

salinity and temperature may induce additional stress and injuries (Davis, 2002; Harris and Ulmestrand, 57 

2004; Tenningen et al., 2012; Uhlmann and Broadhurst, 2015). As a result, many individuals may be 58 

already dead upon arrival on deck. For those that survive the catching process, air exposure during 59 

catch handling is amongst the strongest stressors contributing to mortality (Benoît et al., 2013, 2010; 60 

Castro et al., 2003; Macbeth et al., 2006). Temperature and light conditions have also been found to 61 

influence survival (Davis and Olla, 2002; Giomi et al., 2008). Among fish that are still alive when thrown 62 



back to the sea, weakened individuals are at greater risk of avian and marine predation (Depestele et 63 

al., 2016). Depending on species and physiological status of the fish (sex, reproductive status, size), 64 

individuals may withstand stress and injury differently, resulting in variable post-release survival of 65 

discards (Benoît et al., 2013; Broadhurst et al., 2006; Davis and Olla, 2002; Depestele et al., 2014). 66 

Discard mortality is generally assessed by either tagging or captivity experiments. While mark and 67 

recapture tags can produce discard survival estimates, this is only possible as part of a substantial and 68 

ongoing tagging programme. Data storage and acoustic tags offer alternative methods but these are 69 

generally only suitable for larger specimens owing to the current size of the technology, and are 70 

relatively expensive approaches (e.g., Capizzano et al., 2016). Captivity experiments are generally the 71 

best option for cases where tagging is not feasible. In these experiments it is often possible to track 72 

the fate of individual fish and to measure exact or approximate mortality times. The death may occur 73 

immediately so that it can be observed directly on-board, or in a delayed period, if the fish does not 74 

recover from its injuries. Delayed mortality associated with capture and discarding has been shown to 75 

occur typically on the time scale of days to weeks (Benoît et al., 2015, 2012). In the absence of other 76 

sources of mortality, mortality of a group of discarded fish reaches an asymptote, when no further 77 

mortalities associated with the catch and discard process are observed. The point at which observed 78 

mortalities reach asymptote represents the discard survival rate. 79 

It is also possible to consider the effects on mortality of an individual’s biological characteristics (e.g., 80 

length, sex) and the capture and handling conditions it experienced. This can be done using direct 81 

observation (e.g., Neilson et al., 1989) or indirectly by first considering mortality as a function of a 82 

vitality indicator and then the vitality indicator as a function of covariates (e.g., Benoît et al., 2012; 83 

Depestele et al., 2014). Vitality indicators typically involve the degree of injury sustained by an 84 

individual and impairment to its reflexes, which individually and jointly have been found to be good 85 

predictors of survival (Benoît et al., 2010, 2012; Davis, 2010; Davis and Ottmar, 2006). The indirect 86 

approach is advantageous in that it is possible to model vitality in a fishery, thereby integrating over 87 

the various conditions that exist in that fishery, to produce discard mortality estimates that are 88 

representative (e.g., Benoît et al., 2012). The approach requires assumptions, detailed below, on the 89 

relationship between vitality and survival and on the conditions experienced by the fish. However, the 90 

alternative is to generate direct observations of survival across all these conditions which is 91 

prohibitively costly due to logistic (e.g., number of vessels and environmental conditions involved) and 92 

budgetary constraints. 93 

The present study considers the mortality of European plaice (Pleuronectes platessa) discarded in 94 

coastal otter trawl fisheries in the English Channel. While discarded amounts of European plaice are 95 

substantial in this fishery (48-76%, Cornou et al., 2015), this species has an elevated potential to survive 96 



the catching and handling processes (Morfin et al., 2017). Here we aim to enhance the evidence on 97 

discard survival for plaice in this fishery so that its suitability as a candidate for exemption from the 98 

landing obligation can be better assessed. Also, the influence of the fishing conditions was analysed to 99 

identify possible measures that could enhance discard survival in the fishery. 100 

2. MATERIAL AND METHODS 101 

Firstly, discard survival as a function of a semi-quantitative index of fish vitality was estimated from a 102 

captivity experiment. Then the survival rate in the commercial conditions of the coastal otter trawl 103 

fishery in the English Channel was estimated for three different seasons, by combining the survival 104 

estimates in captivity with vitality data that were representative of the fishery in those seasons. 105 

2.1. Captivity experiment 106 

2.1.1. Plaice sampling in commercial conditions 107 

The captivity experiment utilised catches taken aboard a 14.98 m English commercial twin-rig trawler 108 

in January-February 2015. The vessel operated from the port of Brixham in the English Channel (ICES 109 

subarea VIIe) to exploit Lyme Bay lemon sole and squid fishery. Twenty hauls were performed in ten 110 

days under commercial fishing conditions representative of the normal activity of the fleet working in 111 

this area (Catchpole et al., 2015). The crew conducted one-day trips of two tows of up to 5 hours’ 112 

duration. Each trawl had a footrope length of 22 m, and cod ends were 90 mm mesh made of a 4 mm 113 

diameter single braid twine. Water depths were generally shallow (26-46 m) and the hauling process 114 

usually took about 20 minutes. Standard practice is to push discarded fish through the scuppers back 115 

into the sea as the catch is being sorted on the deck. The deck area was partially sheltered, and a 1 m 116 

high railing reduced exposure of the catch to direct sunlight and to the wind. It was not possible to 117 

conduct captive observation experiments with French trawlers owing to their limited size (typically 118 

10.3 m) and vessel layout, which precludes housing holding tanks on-board. Nonetheless, geographic 119 

proximity and similarity in fishing conditions between the English and French fleets are such that the 120 

results from the English vessel were expected to be relevant to the French vessels. 121 

A sample of up to 40 plaice was randomly selected from each haul (1040 individuals in total) 122 

throughout the sorting period (typically 30 minutes), to assess their vitality status at the moment they 123 

would normally be released to the sea. Fish vitality was visually assessed rapidly (~10 sec), according 124 

to a four-level ordinal index based on fish injuries and body movement (Table 1). 125 



Vitality Code Description 

‘Excellent’ 1 
Vigorous body movement; no or slight injuries: minor bleeding, minor fin fraying, 

minor scale loss (<5%), minor abrasion 

‘Good’ 2 

Moderate body movement; responds to touching/prodding; injuries including 

minor bleeding, minor fin fraying, minor scale loss, minor scratches, minor net 

marks, minor abrasion, minor bruising 

‘Poor’ 3 
Weak body movement; moderate or substantial injuries: bleeding, fin fraying, 

scale loss, scratches, net marks, abrasion, wounds, organs exposed, bruising 

‘Moribund’ 4 No body or head complex movements (no response to touching or prodding) 

Table 1. Description of the categories used to score visually the pre-discarding vitality of individual fish 126 

(adapted from Benoît et al., (2010)) 127 

2.1.2. Technical and environmental conditions 128 

A series of variables related to the fishing operation, the environmental conditions and the fish 129 

biological characteristics were also recorded to determine their influence on discard survival, 130 

including: the tow duration (min), the average tow depth (m) and sea water temperature (°C); on the 131 

deck, the catch weight (kg), the air temperature (°C), the wind force (Beaufort scale) as well as the 132 

total fish length (TL in cm). 133 

2.1.3. Monitoring in captivity 134 

A subsample from each vitality group was then selected for the captivity experiment from the full range 135 

of vitality levels and fish lengths. A total of 348 plaice (40 moribund, 101 poor, 115 good and 92 136 

excellent) from 17 hauls, were placed into a vertical stack of five holding tanks (80x60x20 cm) supplied 137 

with continuous water flow (3-4 l/min). Each tank was stocked with up to eight plaice of the same 138 

vitality level with different lengths so that they can be individually identified. Once the vessel arrived 139 

in Brixham harbour (after less than 12h), it took approximately 15 minutes to transfer fish in tubs to 140 

onshore tanks (same dimension), also supplied with constant seawater flow (Catchpole et al., 2015). 141 

Tanks were examined every 12h for an observation period ranging from 66 to 133 h. Fish that 142 

responded to a tail grab on inspection were declared alive. Fish that showed sustained absence of 143 

response (body or opercular movement) to touching or prodding were declared dead and removed 144 

from the tank. Seawater and air temperatures were recorded at each routine examination of fish. 145 

2.1.4. Controls 146 



To source true control specimens for survival assessments, i.e. those which are the same in all ways 147 

other than having gone through the catch and discard process, is challenging. A control experiment 148 

was undertaken to assess whether captivity in the onshore holding tanks induced mortality. At the 149 

CEFAS laboratory Lowestoft, eighteen aquarium-acclimatised plaice were introduced into the 150 

experimental onshore holding tanks filled with water at the same temperature and salinity as in the 151 

aquarium, and held for 72 hours. The specimens underwent vitality assessments at the beginning and 152 

end of the period and no deterioration in health was observed. This provided confidence that the 153 

onshore tanks did not adversely affect the health of the captive fish. It was not possible to source 154 

control fish at the time the treatment fish were collected; neither was it possible to test the effect on 155 

health on the on board tanks, which may have been influenced by the range of environmental 156 

conditions experienced. 157 

In the absence of genuine controls, the fate and final condition of treatment fish that were initially 158 

assessed to be in pristine condition (no reflex impairment or injuries) were examined in isolation. The 159 

assumption was that if the experimental set-up had no effect on the health of the captive fish, then 160 

these fish would survive in pristine condition until the end of the experiment. There were 14 fish 161 

initially assessed to be in pristine condition, from five different days fishing, most from the first haul of 162 

the day. Of these, there was one fatality, a survival rate of 93%. The final assessments after 167-342 163 

hours in captivity showed no reflex impairment or injury in the survivors, providing further confidence 164 

that experimental induced mortality was limited. 165 

2.2. Survival in captivity depending on vitality 166 

2.2.1. Weibull-mixture model 167 

Longitudinal data track the same sample at different points in time. For discard survivability studies, a 168 

plausible description of the results is that the proportion of fish surviving will gradually decrease and 169 

then reach an asymptote, with a proportion of fish surviving the capture, handling and release process. 170 

Modelling this process and predicting the survival probability requires an extension of standard 171 

survival analysis models, as these assume that the discard-related mortality must extend until survival 172 

is zero i.e. standard models fit a curve that extends until all the fish are dead rather than having a 173 

plateau related to survival. 174 

Here we use a parametric, Weibull mixture distribution model (Benoît et al., 2012, 2015; Farewell, 175 

1982; Gu et al., 2011). This longitudinal analysis of captivity data via the cumulative distribution of 176 

death events (survival function) is useful as the time of death of individuals still alive at the end of the 177 

experiment is unknown. These individuals can therefore be considered as right-censored observations. 178 

Furthermore, the observation periods varied between individuals from 66 to 133 hours as they were 179 



not introduced into the holding tanks at the same time. Conversely to standard survival models 180 

assuming that all uncensored and right-censored individuals will die according to the same probability 181 

function, cure rate or mixture distribution models allow that some unknown proportion of individuals 182 

survive. These models include a binary random latent variable of the fish discard survival status, 183 

𝑌~𝐵(𝜋), where π is the probability that a fish was mortally affected by capture and discarding. For 184 

those fish, their times of death T were assumed to follow a two parameter Weibull distribution as it 185 

provides a reasonable model according to the shape of the non-parametric Kaplan-Meier curves 186 

(Kaplan and Meier, 1958). For the fish that survived, their lifetime was assumed infinite as the natural 187 

mortality was considered negligible at the time scale of the experiment. The resulting survival function, 188 

i.e. the probability that an individual survived longer than the time period 𝑡, is expressed as follow: 189 

Eq 1                 𝑃(𝑇 > 𝑡) = 𝑆(𝑡) = 1 − 𝜋 + 𝜋𝑆𝐴(𝑡) 190 

Eq 2                𝑆𝐴(𝑡) = 1 − exp⁡(−(𝛼𝑡)𝛾) 191 

where 𝑆𝐴(𝑡) is the “short-term” survival function for the affected group, and α>0 and γ>0 are 192 

respectively the scale and shape parameters of the Weibull distribution. As stated, the mortality rate 193 

is expected to decrease with time and converge to an asymptote 1-π, i.e. the discard survival 194 

probability. 195 

While discard survival probability is expected to be correlated with vitality, the shape of survival 196 

functions of affected individuals may also depend on the vitality groups. Therefore, the vitality index 197 

was tested as a categorical covariate on the three parameters (α, γ and π) describing the survival 198 

model, resulting in eight potential models. Model parameters were estimated by maximisation of the 199 

model likelihood using a quasi-Newton optimisation algorithm (Byrd et al., 1995). The observed death 200 

times were approximated as the mid time between the last time the fish was observed alive and the 201 

first time the fish was declared dead. 202 

2.2.2. Model selection and assessment 203 

Models were ranked according to Akaike’s Information Criterion (AIC), a measure of parsimony 204 

(Akaike, 1981). Model fit was assessed visually by superimposing the predicted survival curves on non-205 

parametric Kaplan-Meier curves. As the survival models were to be used to predict the survival rate 206 

from vitality data collected in other samples, the selected model was required to have good predictive 207 

performance. This was measured by a leave-p-out cross-validation procedure, with p equal to about 208 

10% of the sample size (Arlot and Celisse, 2010). Test samples were drawn according to different 209 

vitality distributions (from 10 to 90% of each vitality group) to assess the prediction error 210 

independently of the sample vitality distribution. The prediction error was measured as the absolute 211 

difference between the observed and predicted survival rate at 120h, and adjusted for right-censored 212 



data in the same manner as the Brier score (Gerds and Schumacher, 2006). This score is comprised 213 

between 0 and 1 and a value close to 0 means a perfect prediction. Confidence intervals of the survival 214 

rates in each vitality group were estimated by a parametric bootstrap method described in 215 

Supplementary Material S1. 216 

2.3. Vitality sampling in the French fishery 217 

The vitality of discarded plaice in the French commercial fishery was sampled on-board a commercial 218 

trawler operating in the eastern English Channel (EC; ICES subarea VIId) and targeting multispecies 219 

fish assemblages. Two observers participated in commercial fishing trips aboard the vessel prior to 220 

the sampling trips to ensure that the sampling protocols would not induce any changes in fishing or 221 

catch handling practices by the harvesters. Two at-sea trials were then conducted during five two-222 

day trips by the same two experienced on-board observers in November 2014 (27 hauls) and July 223 

2015 (18 hauls). For each haul, discarded plaice were randomly sampled once the catch sorting began 224 

and for a maximum time period of 50 minutes so that the duration of air exposure of fish was 225 

representative of the commercial fishing practices. Each individual was measured and its vitality 226 

score determined according to the same four classes described in Table 1, resulting in a total of 396 227 

and 367 plaice observed in November and July respectively. 228 

The total handling time was recorded (from cod-end retrieval to when the fish was assessed for vitality 229 

status, in minutes), the air temperature and the sea bottom temperature (°C), the tow depth (m) and 230 

duration (min.), and the presence/absence of injury-inducing elements in the catch such as stones and 231 

oysters (Table 2). The catch weight in the French fishery could not be assessed as the catch was spread 232 

on the deck before being sorted and the discard amount was highly variable, but it was never heavier 233 

than one ton. 234 

2.4. Discard survival in the English Channel 235 

The average survival probability of plaice discarded from each trial was estimated by combining their 236 

vitality distributions and the vitality-dependent survival probabilities estimated from the captivity 237 

experiment (Benoît et al., 2012): 238 

Eq 3 𝑅̂ = ⁡
1

𝑚
∑ ∑ 𝑤𝑠,𝑣(1 − 𝜋̂𝑣)

4
𝑣=1

𝑚
𝑠=1  239 

Where m is the number of hauls surveyed and ws,v is the proportion of individuals in haul s with vitality 240 

level v. The confidence intervals of the survival rates were estimated by a two levels bootstrap method 241 

to account for uncertainty in both vitality-dependent survival from the captivity experiments and 242 

vitality distributions from the French fishery sampling as described in Supplementary Material S1. 243 



2.5. Proxy assumption 244 

The proposed methodology to estimate discard survival relies on two key assumptions, that the vitality 245 

index is highly correlated with survival probability, and the vitality-dependent survival rates are 246 

independent of the external conditions for both vitality and captivity experiments or that any 247 

dependence can be predicted. In other words, survival depends only on vitality or measured covariates 248 

such that the results of the experiments conducted aboard the English trawler can be applied to the 249 

vitality sampling from the French fishery. The validity of these assumptions was explored using the 250 

mixture Weibull model described in section 2.2., to which the external drivers were added to the 251 

parameter π as covariates to evaluate their influence on the model. AIC and prediction performance 252 

were calculated to compare and evaluate these models. 253 

2.6. Drivers of discard survival 254 

A second objective was to analyse the influence of several factors (fishing practices, environmental 255 

conditions and fish biological characteristics) on the discard survival. The relationship was set using 256 

vitality data as they could be collected in greater quantities and in conditions representative of each 257 

trial. 258 

2.6.1. Relationship between vitality index and potential survival drivers 259 

The factors measured in the vitality experiments related to the fishing practices (haul depth, tow 260 

duration and air exposure), the physical environment (the thermal shock, i.e. the absolute difference 261 

between the sea bottom and air temperatures, the air temperature and presence/absence of injury-262 

inducing elements in the catch) and the fish biology (fish TL) were tested for their potential influence 263 

on plaice vitality. This was analysed via a parametric model relating these factors as linear or second 264 

order combinations of covariates to the vitality index as response variable. To account for the ordinal 265 

nature of the vitality index, a proportional-odds ordered logit model (McCullagh, 1980) was tested (see 266 

Benoît et al., (2010) for an application to discard vitality data). Furthermore, a random effect was 267 

tested at the haul level to account for the potential additional variability between hauls. The ordinal 268 

nature of the vitality index was accounted by scoring the ‘Excellent’ to ‘Moribund’ status by 1 to 4 269 

values and modelling its cumulative distribution function, linked to the explanatory part by a logistic 270 

function. Formally, for each individual j from haul i: 271 

Eq 4 𝑙𝑜𝑔𝑖𝑡(𝑃(𝑉𝑖𝑗 ≤ 𝑣)|⁡X𝑖𝑗) = 𝛼𝑣 + 𝑢𝑖 + 𝑋𝑗
′𝛃      for    𝑣 = 1,… ,3 272 

where X is the design matrix of covariates, 𝛼𝑣 the intercepts, 𝑢𝑖~𝑁(0, 𝜎²) the random effect and 𝛃 the 273 

vector of fixed effects. All the linear combinations of covariates as well as the interactions that were 274 

felt to potentially be important a priori were tested, namely ones including the interactions with the 275 



air exposure. Models were fitted with the R package ‘ordinal’ (Christensen, 2015), the random effect 276 

was tested on the saturated model including all covariates by a one-tailed chi-square test and the fixed 277 

effects selected by AIC. 278 

2.6.2. Model interpretation: relationship between discard survival and selected factors 279 

The marginal predicted probability that a discarded plaice belongs to a given vitality group 𝑣 depending 280 

on each selected covariate 𝑋𝑖 ⁡(𝑖 = 1,… , 𝑝) was calculated by setting all the other selected covariates 281 

to their means: 282 

Eq 5 𝑃(𝑉 = 𝑣|⁡𝑋𝑖 , 𝑋−𝑖 = 𝑋̅−𝑖) = 𝑃(𝑉⁡ ≤ 𝑣|⁡𝑋𝑖 , 𝑋−𝑖 = 𝑋̅−𝑖) − ⁡𝑃(𝑉 ≤ 𝑣 − 1|⁡𝑋𝑖 , 𝑋−𝑖 = 𝑋̅−𝑖)  283 

These relationships were then combined with the vitality-dependent survival estimated from the 284 

captivity experiment to quantify the effect of each selected covariate 𝑋𝑖  on the estimated survival 285 

probability 𝑅̂: 286 

Eq 6 𝑅̂(𝑥) = ⁡∑ 𝑃̂(𝑉 = 𝑣|𝑋𝑖 = 𝑥, 𝑋−𝑖 = 𝑥̅−𝑖)(1 − 𝜋̂𝑣)
4
𝑣=1  287 

3. RESULTS 288 

3.1. Fishing conditions of the three trials 289 

The fishing conditions and fish length of sampled plaice for vitality assessment were similar between 290 

the November and July trials, except for the air and seawater temperatures (Table 2). The tows were 291 

slightly deeper (10 m) and the tow durations were much longer (about 2.8 times longer) in the English 292 

trial than in the French trials. Both seawater and air temperatures also had different ranges, but the 293 

difference between the seawater and the air were similar. The individual air exposure was not 294 

measured in the January trial but the fish were observed throughout the catch sorting in all trials and 295 

sorting durations were similar. Fish length distributions were similar, although in the English data there 296 

were larger specimens. 297 

 January - February November July 

ICES area VIIe VIId VIId 

Vessel ‘Guiding Light III’ ‘Mon petit Célestin’ ‘Mon petit Célestin’ 

Vessel length (m) 14.98 10.95 10.95 

Gear type Twin Rig Otter trawl Otter trawl Otter trawl 

Net mesh size (mm) 90 90 90 

Fishing days 10 6 5 

    



Nb of plaice observed in 

captivity (hauls) 

348 (17) 0 0 

Nb of plaice assessed for 

vitality (hauls) 

1040 (19) 396 (25) 367 (18) 

Measured conditions at the individual level: Mean, Min-Max, (CV in %) 

Towing speed (knots) NA 3.0, 2.5-3.5 (NA) 3.0, 2.5-3.5 (NA) 

Depth (m) 36.2, 26.0-44.0 (15)  22.2, 18.6-26.9 (10) 19.0, 15.7-25.1 (17) 

Tow duration (min) 270, 240-305 (5) 114, 45-141 (20) 93, 60-115 (14) 

Bottom temperature (°C) 9.4, - (5) 13.9, 13.4-14.1 (6) 17.9, 17.4-18.3 (12) 

Air temperature (°C) 7.1, 4.0-13.5 (35) 11.3, 9.2-12.2 (6) 18.1, 14.0-21.2 (12) 

Thermal shock (°C) 2.9, 0.5-5.0 (62) 2.6, 1.3-4.5 (27) 1.8, 0.4-3.7 (61) 

Injury-inducing elements 

(0/1) 

NA 0.15, 0-1(238) 0.61, 0-1 (80) 

Catch weight (kg) 2340, 1302-6604 (50) NA, <1000 (NA) NA, <1000 (NA) 

Air exposure (min) NA 36.4, 7.0-87.0 (51) 36.4, 7.0-64.0 (41) 

Plaice TL (cm) 27.7, 19.0-60.0 (16) 24.1, 20-30.0 (8) 26.0, 18.0-31.0 (10)  

Table 2. Description of the fishing conditions during the vitality assessment for the three seasonal 298 

trials. 299 

3.2.  Survival in captivity depending on vitality 300 

While it was not possible to source control specimens when the holding tanks were in-situ to contain 301 

the treatment fish, the survival of pristine treatment fish and of control fish held prior to the 302 

experiment, indicated that the holding tanks did not induce notable levels of mortalities. 303 

The most parsimonious survival model included the effect of vitality index on each of the three 304 

parameters of the Weibull mixture model (α, γ and π). The predicted survival functions for each vitality 305 

level corresponded with Kaplan-Meier curves, confirming a good fit of the model (Figure 1). The 306 

predictive performance of the model was 61% better than the neutral model without any explanatory 307 

variable and the expected prediction error was estimated at 0.08 (Table 3). The shape parameter γ was 308 

systematically greater than one and linearly correlated to the vitality level, which indicates that the 309 

instantaneous death rate increased with time in all the groups and this increase was correlated to the 310 

vitality. At 110h, the average monitoring time period, the survival functions had converged at more 311 

than 95% to their asymptote, except for the ’Poor’ group which survival function converged at 86% 312 

(Figure 1). Furthermore, the fish still alive at the end of the monitoring period were all assessed in 313 

‘Excellent’ or ‘Good’ status, suggesting that the monitoring period was sufficiently long to observe any 314 



delayed mortality. The estimated vitality-dependent survival rates were strongly correlated with the 315 

vitality index, from 0.90 for the ‘Excellent’ class to 0.04 for the ’Moribund’ class (Table 3). 316 

 317 

Figure 1. Curves of survival functions from captivity data estimated by vitality level (‘Excellent’ to 318 

‘Moribund’ groups in black to light grey colours) using the non-parametric Kaplan-Meier method 319 

(dashed lines) and the parametric mixture Weibull method (solid lines). Shaded areas are the mixture 320 

Weibull 95%-confidence intervals. 321 

3.3. Discard survival 322 

3.3.1. Proxy assumption 323 

A combination of both vitality and external variables produced the most parsimonious model, 324 

suggesting that some variations induced by the external factors were not reflected in the vitality index. 325 

Nevertheless, the expected prediction error was very low for the vitality only model (0.08) and 326 

comparable to the model including both external factors and vitality (0.07). This demonstrated that 327 

the variability of the conditions within the captivity experiment is not expected to induce significant 328 

changes in the predicted survival rates when applied to the French data. 329 

logit(π) AIC Survival rate 

prediction error 

(i) Intercept 1734.2 0.21 

(ii) Vitality 1615.1 0.08 

(iii) Vitality + Air T°+ Catch + TL 1554.2 0.07 



 330 

Table 3. Assessment of the survival proxy assumption for the vitality index. The mixture Weibull model 331 

was tested with different explanatory variables on the survival parameter π: (i) no covariate, (ii) vitality, 332 

(iii) vitality + factors, (iv) factors. The survival rate prediction error was assessed by the cross-validated 333 

adjusted Brier score. 334 

3.3.2. Discard survival rates 335 

The distributions in vitality differed between the three trials (Table 4), with more individuals in 336 

‘Excellent’ and ‘Moribund’ states in January than in November, and fewer in ‘Excellent’ and ‘Good’ 337 

states in July than in November. Consequently, the estimated survival rates are comparable in 338 

November and January (62.8% and 66.6% respectively) and lower in July (45.2%). The narrow 339 

confidence intervals for these estimates indicate good precision. 340 

 Predicted vitality-

dependent survival rate 

Observed vitality profiles in the discards 

 January-February July November 

Excellent 90.2 [83.3; 95.5] 36.1 9.6 21.8 

Good 71.9 [62.2; 81.0] 34.4 39.5 52.3 

Poor 20.8  [0.7; 37.3] 19.1 44.9 25.4 

Moribund 4.8   [0.7; 11.4] 10.4 6.0 0.5 

Predicted discard survival rate 62.8 [54.9; 70.7] 45.2 [32.7; 55.3] 66.6 [57.0; 74.3] 

Table 4. Estimated vitality-dependent survival rates from the experiments, observed distributions of 341 

vitality index in the different experiments (English fishery in January, French fishery in November and 342 

July), and corresponding estimated discard survival rates. 343 

3.4. Relationship between vitality index and potential survival drivers 344 

For each seasonal trial, the random effect at the haul level was significant (Table 5). The depth, tow 345 

duration, presence of injury-inducing elements and air exposure were negatively associated with plaice 346 

vitality in both French fishery trials. Furthermore, the interacting effects of the air exposure with the 347 

depth, tow duration and thermal shock in July and the air temperature in November accentuated the 348 

influence of these factors. Within the shorter ranges of depths and tow durations of the English trial, 349 

these factors did not appear significant. The effects of both injury-inducing elements and air exposure 350 

were not assessed in the English trial as they were not available. Nevertheless, the catch weight was 351 

measured in this particular case and was negatively associated to vitality. 352 

(iv) Catch + Air T°+ Wind + TL 1629.0 0.13 



The temperature was systematically selected, but its effect varied across seasons. In January, the air 353 

temperature ranged between 4 and 12°C and was positively associated with vitality. In July, both air 354 

and bottom temperatures were much higher, and the vitality of fish was negatively associated to 355 

increasing thermal shock. In November, vitality level decreased slightly with air temperature over a 356 

very short range (9-12.5°C). The fish vitality was also slightly increasing with the fish length on a short 357 

size range (18-31 cm) in July, and importantly on a larger size range (19-60 cm) in January. 358 

The observed cumulated proportions of individuals in each vitality level and their predictions from the 359 

best model depending on each selected covariates were represented in Supplementary Material S2. 360 

The plots suggest that these models fit the data reasonably well. Nevertheless, the percentages of 361 

deviances explained by the covariates were very low in the three cases. Considering the amount of 362 

deviance explained by the random effect, most of this unexplained variations expressed at the 363 

individual level rather than at the haul level. 364 

 January-

February 

July November 

Random effect   0.30 (0.55)  0.33 (0.57)  0.19 (0.44) 

Depth   0 -0.14 (0.21) -0.50 (0.18) 

Tow duration  0  0.01 (0.22) -0.18 (0.20) 

Catch weight -0.34 (0.18) NA NA 

Injury-inducing elements NA -0.01 (0.19) -0.16 

Thermal shock  0 -0.31 (0.21)  0 

Air T°  0.77 (0.17)  0 -0.24 (0.20) 

Wind  0 NA NA 

TL  0.67 (0.08)  0.08 (0.11)  0 

Air exposure NA -0.44 (0.14) -0.28 (0.14) 

Depth*Air exposure NA -0.14 (0.15)  0.23 (0.14) 

Tow duration*Air exposure NA -0.20 (0.18)  0.29 (0.12) 

Thermal shock*Air exposure NA -0.22 (0.14)  0 

Air T°*Air exposure NA  0 -0.16 (0.16) 

TL*Air exposure NA -0.15 (0.11)  0 

Table 5. Estimates (SE) of the selected ordinal model for each seasonal trial. NA means that the 365 

covariate was not available on this trial. 366 



3.5. Relationship between discard survival and selected factors 367 

The predicted vitality probabilities (Eq 5) were combined with the vitality-dependent survival 368 

probability estimated from the captivity experiment (Table 3) to quantify the effect of the selected 369 

factors on the discard survival (Figure 2). In January, survival was the most affected by the weight of 370 

the catches, the low air temperature and the small length of the fish. Indeed, variations in catch weight 371 

and air temperature were associated with up to 20% and 35% of mortality respectively. 42% of the 372 

smallest fish from the English trial survived while 80% of the largest survived. 373 

The main drivers of survival in July were the air exposure and thermal shock, as they were associated 374 

with up to 20% and 30% respectively of mortality within their observation ranges. In November, the 375 

depth variations were associated to up to 25% of mortality. 376 

 377 

Figure 2. Discard survival as a function of each covariate in the selected proportional odds model based 378 

on cumulative logit link adjusted on ordinal vitality data in January-February (light grey lines), July 379 

(dotted black lines) and November (grey dotted lines). Shaded areas represent 95%-confidence 380 

intervals estimated by non-parametric bootstrap. 381 

4. DISCUSSION 382 



4.1. Discard survival in captivity 383 

The survival of discarded European plaice has been predicted based on an ordinal fish vitality index as 384 

a proxy and a captive observation experiment. While for Moribund and Poor groups the mixture 385 

Weibull model may be too simplistic to explain some variations in the mortality rates, it was statistically 386 

valid and successfully managed to detect distinct asymptotes for the four vitality levels. Ninety per 387 

cent of the estimated mortality occurred before 120h (5 days), thus the monitoring period appeared 388 

to be sufficient to estimate the asymptote of the survival function in line with other studies (Neat et 389 

al., 2009; Wassenberg and Hill, 1993). The resulting estimated survival rates for plaice were 62.8% 390 

(54.9-70.7%) in January-February (direct estimation from English vessel); 66.6% (57.0-74.3%) in 391 

November and 45.2% (32.7-55.3%) in July (proxy estimates from French vessels). 392 

These estimated survival rates should be considered as the minimum discard survival rates that 393 

excludes the effect of predation. As they are more difficult to catch and handle than roundfish for 394 

seabirds, discarded plaice have less exposure to avian predation (Catchpole et al., 2015; Depestele et 395 

al., 2016). However, the effect of marine predation, which may be higher for discarded fish, due to 396 

impaired swimming abilities, increased exposure or to post-traumatic behaviour are not accounted for 397 

using captive observation method and therefore may overestimate survival (Raby et al., 2014). To 398 

account for marine predation, tagging experiments are required  (Capizzano et al., 2016; Donaldson et 399 

al., 2008; Yergey et al., 2012). By contrast, the stressors associated with the captive observation 400 

method, including, handling, confinement, changes in temperature, dissolved oxygen and time taken 401 

to assess were likely to induce some experimental mortality, although control fish indicate this was 402 

minimal. In this study, while attempts were made to inform on experimental induced mortality, the 403 

control experiment took place in a different location to the treatment experiment and so different 404 

stressors were exerted to these groups. Moreover, the effect on survival of the on-board tanks used 405 

to transport the samples to the shore was not established. Though there was no obvious mortality 406 

associated with the interruptions or the on-shore transfer, the effects may not have been 407 

instantaneous. Therefore, the survival rates estimated in this project should be interpreted as the 408 

minimum discard survival estimates that do not account for induced experimental mortality, and 409 

exclude marine predation. 410 

4.2. Discards stressors 411 

The influence of stressors on fish during the catch and discarding processes was investigated within 412 

each seasonal trial separately to avoid potential influence of other unmeasured conditions associated 413 

to the trial. 414 



Despite the short range of the tow depths in the French shallow waters (16-27 m), mortality rates 415 

increased with depth. By contrast, the effect of the tow duration was marginal even on a 40-140 min 416 

range, in agreement with Van Beek et al. (1990). In a North Sea beam trawl fishery Depestele et al., 417 

(2014) identified a negative effect of increasing tow duration on plaice survival by considering shorter 418 

tow durations (<20 min vs. 92±12min). Though negatively significant in the French trials, the presence 419 

of oysters or stones in the catch had surprisingly barely no influence on survival. Including unmeasured 420 

factors such as the catch weight in future experiments in the French fishery would be relevant as it 421 

might also interact with the catch composition. 422 

Air exposure was identified as a substantial influencing factor, especially in July where it was associated 423 

with an increase of up to 20% mortality. Hypoxia has been identified as one of the most important 424 

stressors in numerous studies and for a wide diversity of species (Benoît et al., 2013; Depestele et al., 425 

2014; Methling et al., 2017; Morfin et al., 2017; Parker et al., 2003). Though plaice has stronger capacity 426 

to resist than other species owing to its ability to breathe via their skin (Steffensen et al., 1981), an 427 

experiment in the same fishing conditions in July demonstrated that between 7 min and 50 min spent 428 

on the deck the immediate mortality rate increased from 2% to 25% (Morfin et al., 2017). Also, the 429 

effect of fish length appeared very important in the English fishery, where larger individuals were 430 

observed. The vulnerability of smaller individuals found in Uhlmann et al., (2016) also occurred in a 431 

wide range of lengths. 432 

These results suggest that plaice were vulnerable to thermal shock but also to extreme air 433 

temperatures at equal thermal shock, making them consequently even more vulnerable to extreme 434 

air temperatures. These findings are consistent with Uhlmann et al., (2016) who found a significant 435 

negative effect of temperature difference between SST and air at cold air temperatures. Van Beek et 436 

al. (1990) related higher survival at cooler SST between 8 and 18°C. While a general model could not 437 

be fitted as the availability of covariates was not consistent across the three trials, these results are in 438 

agreement with the survival differences between trials. The lowest survival rate in July can be 439 

reasonably ascribed to the increase in air temperature. Despite that depths, tow durations and catch 440 

weights were much higher in the English fishery, the larger average size of sampled fish apparently 441 

balanced the effects of these stressors. Indeed, in this particular case fish were sampled in the whole 442 

catch instead of in the discards in the French trials. However, the corresponding discard survival rate 443 

was approximately 50%, which remained substantial. 444 

In the same area, Revill et al., (2013) found that survival of plaice was lower during the spawning 445 

period, occurring from the end of December to April with a peak in January-February (Houghton and 446 

Harding, 1976). As the length at 50% of maturity in this region (26 cm) is also the average observed 447 



length in January-February, the potential effect of the reproductive status on survival was accounted 448 

for in this trial. 449 

In practice, the survival rate could be increased in this fishery essentially by reducing the air exposure 450 

duration before the fish are returned to the sea, particularly because of the associated interaction with 451 

air temperature. Other studies already proposed and demonstrated the usefulness of a sorting table 452 

and evacuation gutter on board in Nephrops norvegicus fishery (Mérillet et al., 2017). The effect of 453 

extreme air temperatures could also be mitigated by installing roofs of insulated containers to protect 454 

the fish from direct sunlight exposure. 455 

4.3. Discard survival rate in commercial conditions 456 

This study provides a first estimate for the discard survival of plaice in the English Channel coastal otter 457 

trawl fishery in conditions representative of usual commercial fishing activities and for three periods 458 

of the year during which commercial fishing takes place. These rates are in the upper range of the rates 459 

obtained in coastal beam and otter trawling fisheries in the English Channel and the North Sea 460 

(Depestele et al., 2014; Methling et al., 2017; Revill et al., 2013; Uhlmann et al., 2016).  461 

 462 

For two of the three trials (the French fishery), the survival was estimated by combining the discard 463 

fish vitality distribution with the vitality-dependent survival rates estimated from the captivity 464 

experiment in the other trial (English fishery). The high correlation between vitality and survival in 465 

captivity and the low expected predictive error of the survival rate clearly demonstrated the relevance 466 

of this proxy. The air temperature, the catch weight and the fish length explained some remaining 467 

variability not explained by the vitality index but the predictive performance of the vitality index was 468 

barely influenced by these conditions in the captivity experiment. As the ranges of the catch weight, 469 

air temperature and tow duration were different in the French fishery, one could argue that the 470 

assumptions of the proxy are undermined. However, the thermal shock was comparable between trials 471 

and catch weights and tow durations were much higher in the captivity experiment, thereby any 472 

departure from the proxy assumption would have underestimated the survival rate in the French 473 

experiment. From a management perspective this is preferable, it suggests that the survival could 474 

actually be higher in the French trials than indicated by the proxy and so reducing the risk that any 475 

exemption would be awarded on overestimated survival levels.  476 

However, these results are limited by the conditions from one trial. If the conditions experienced by 477 

discarded plaice at other times differ substantially from the ones in the trial or if the effect of those 478 

conditions differ seasonally, for example, then the vitality-dependent survival rates estimated here 479 



may not be applicable to vitality data collected at those other times. The analyses presented here 480 

suggest that vitality is a dependable and important predictor of survival across a broad range of 481 

environmental conditions, but further research on the stability of the vitality-survival relationship 482 

within a fishery should be a priority for this field, as this is likely to be true for a majority of similar 483 

discard mortality studies.  484 

Extrapolating these estimates to the fishery also requires assuming that the stress factors exerted on 485 

the fish in the wider fishery are the same as those from the trips during which the survival experiments 486 

were conducted. This can be assessed by sampling vitality values from the broader fishery by at-sea 487 

observers as in this study. Vitality assessment may be observer dependent or catch/trial dependent, 488 

i.e. the appreciation of weak versus vigorous movement may be influenced by the status of the other 489 

individuals observed. In principle, the incorporation of a random effect in the model for these data 490 

should account for this subjectivity (Benoît et al., 2010). Other proxies may be less subjective, such as 491 

reflex action mortality predictors (RAMP) (Davis, 2010; Davis and Ottmar, 2006; Stoner, 2012), though 492 

Uhlmann et al., (2016) also detected some observer effect. Furthermore, they require preliminary 493 

experiments on unstressed specimens to determine the relationship between survival and each reflex. 494 

Further analyses comparing both kind of index would be relevant to determine the relative pertinence 495 

of these proxies. An alternative for fishery extrapolation is to estimate the distribution of the vitality 496 

in the fishery by modelling vitality as a function of relevant covariates and estimates of the distributions 497 

for these covariates in the fishery (Benoît et al., 2013, 2010). While the potential effects due to the 498 

variability of the crews and vessels were not assessed, this study covered a broad range of the 499 

conditions that the fishery may encounter. 500 
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 645 

S1. Description of the simulation procedure used to estimate the confidence intervals in the discard 646 

survival rates 647 

 648 

The discard survival rate was estimated according to Eq 2 and can be re-written as follow:  649 

 650 
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 652 

m: number of hauls; ns: number of individuals in haul s 653 

ns,v: number of individuals in haul s with vitality level v; 654 

ws,v: proportion of individuals in haul s with vitality level v; 655 

 656 

Two sources of variability were estimated: the variability emerging from the captivity data, propagated 657 

to the estimate of the survival functions 𝑆̂𝑀(𝑡|𝑉 = 𝑣𝑗) , j=1,..,4 and from the vitality data.  658 

 659 

At each iteration k of the algorithm: 660 

(i) Variability in the discard survival rates by vitality level from the captivity experiment 661 

A parametric bootstrap based on Monte Carlo simulation was done to estimate the variability in 662 

survival rates from the captivity experiment. Based on asymptotically normal behavior of the 663 

maximum likelihood estimators, the regressions parameters were simulated according to a 664 

multivariate Gaussian distribution: 665 

 666 

𝛽 = 𝑁(𝜷̂, 𝜮̂) 667 

 668 

where 𝜷̂=(β̂𝑣
𝜋,β̂𝑣

𝛼,⁡β̂𝑣
𝛾

)  and 𝜮̂are respectively the maximum likelihood estimates and the covariance 669 

matrix of the selected model.  670 

𝑙𝑜𝑔𝑖𝑡(𝜋̂𝑣) = β̂𝑣
𝜋 671 

𝑙𝑜𝑔(𝛼̂𝑣) = β̂𝑣
𝛼 672 

𝑙𝑜𝑔(𝛾𝑣) = β̂𝑣
𝛾

 673 

 674 

For each simulation, the survival rate in each vitality group 𝑆̂𝑀(𝑡|𝑉 = 𝑣) was calculated according 675 

to Eq 1 and 2.  676 

 677 

(ii) Adding the variability in the observed vitality 678 

Uncertainty due to the selection of fishing hauls was estimated by a non parametric bootstrap, i.e. 679 

by randomly re-sampling m hauls with replacement from the m observed hauls. 680 

 681 



(iii) In each sampled hauls s, the ns observed fish for vitality assessment were also re-sampled to 682 

capture the variability due to the selection of fish in each haul. 683 

The resulting proportions ws,v of fish in each vitality group v and sampled  haul s were calculated. 684 

At each iteration an average survival rate was calculated from Eq 3 using ws,v and 𝑆̂𝑀(𝑡|𝑉 = 𝑣), 685 

v=1,…,4, s=1,…,m.  686 

 687 

These steps were repeated 5000 times to generate a distribution of R* which reflects the uncertainty 688 

in both vitality and captivity data.  689 

 690 

S2. Predicted cumulative probabilities of the vitality index, 𝑃(𝑉 ≤ 𝑗) for 𝑗 = 1,… ,3, as a function of 691 

each covariate in the selected proportional odds model based on cumulative logit link fit to ordinal 692 

vitality data from each season. The other covariates were set to their means when making the 693 

predictions. The vitality index categories were expressed in numerical values; 4: ‘Moribund’, 3: ‘Poor’, 694 

2: ‘Good’, 1: ‘Excellent’. Dashed lines are pointwise 95%-confidence intervals estimated by non-695 

parametric bootstrap. 696 
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