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Abstract 

The gillnet fishery targeting Asian paddle crab (Charybdis japonica) is an 

important commercial fishery in the Yellow Sea of China. However, low catch rates 

represent a challenge, and solutions for improving the catch efficiency are crucial for 

economical sustainability in this fishery. Therefore, we tested whether the use 

of artificial fishing lights could improve gillnet catch performance. Specifically, 

we investigated the effect of using different colored light-emitting diodes (LED) on 

gillnet catch efficiency and capture patterns. The results showed that attaching white 

and blue LED lights to gillnets did not significantly affect the catch efficiency of C. 

japonica, compared to the conventional gillnets without LED lights attached. 

However, green LED lights significantly improved catch efficiency of legal-sized 

C. japonica by an average of 57%. Furthermore, a significant reduction (~35%) in 

the catch efficiency of undersized crabs was observed for gillnets equipped with red 

LEDs; however, without any significant effect on catches of legal-sized C. 

japonica. Moreover, significant 
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differences were observed for the catch composition of species between gillnets with 27 

and without LED lights. The findings of this study can provide insight into potential 28 

improvements of the fishing strategies in the C. japonica gillnet fishery. 29 

30 

Keywords: Gillnet; LED lights; catch efficiency; capture patterns; Charybdis japonica 31 

32 

1. Introduction33 

Crab fisheries represent a significant part of commercial crustacean catches in 34 

China. In 2021, the crab capture production reached 647,122 t, accounting for 34.8% 35 

of the total marine crustacean catches in China (Fisheries Administration Bureau, 36 

MARA, PRC, 2022). The Asian paddle crab (Charybdis japonica) is one of the most 37 

38 

39 

40 

41 

42 

43 

44 

ecologically and economically important crab species in China, being widely 

distributed in the coastal waters of the Bohai Sea, Yellow Sea, and East Sea (Zhang et 

al., 2016; Yu et al., 2023). The annual landings for C. japonica range between 2.2×104 

t and 3.5×104 t from 2017 to 2021 (MARA, 2018-2022). Due to the high nutritional and 

economic value, C. japonica is providing considerable income for fishing industry 

and coastal communities engaged in crab fisheries (Wang et al., 2005). In 

commercial fisheries, C. japonica is mainly targeted using different passive fishing 

gear types, such as stow nets, traps, pots, and gillnets (Yu et al., 2021). 45 

Bottom-set gillnets are commonly used fishing gear for harvesting C. japonica, 46 

due to its low cost and ease of operation (Suuronen et al., 2012; Li et al., 2017). This 47 

fishery typically is conducted along the coast at depths ranging from 5-30 m, making it 48 

feasible for small vessels to carry out daily operations. The regulations for this fishery 49 

include a set a minimum landing size (MLS) of 50 mm carapace length (cl) for C. 50 

japonica (Yu et al., 2021) and a bycatch limit regulation specifying that undersized 51 

crabs should not exceed 25% of the total crab catches (in number of individuals) 52 

summed over deployments (Shandong Provincial Oceanic and Fishery Department, 53 

2014). Furthermore, a closed season known as the “Summer Moratorium of Marine 54 

Fishing” (SMMF) from May 1st to September 1st is set in this fishery to protect the 55 

spawning stocks (Shen and Heino, 2014). 56 
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The implementation of the SMMF has significantly shortened the fishing period. 57 

Furthermore, the catch rates of C. japonica can be low during the open season, 58 

particularly for legal-sized individuals, which has raised concerns among fishers. 59 

During low-yield seasons, fishers tend to increase the number of gillnets and frequency 60 

of trips or move their fishing sites to more resource-rich areas based on their personal 61 

experience to maximize catches. However, these traditional fishing strategies face 62 

challenges in achieving efficient fishery due to rising operating costs (e.g., fuel, nets, 63 

and labor) and high catch rates of undersized individuals. Therefore, the current 64 

exploitation patterns in the fishery can result in low income and thus a financial burden 65 

on coastal communities that heavily rely on fishing as their primary source of income, 66 

implying that the fishing effort is not proportional to the amount of crab caught in this 67 

gillnet fishery. Therefore, solutions for improving the catch efficiency in this fishery 68 

are sought to maintain the economic viability of coastal communities. 69 

The use of artificial lights to improve the catch efficiency of target species has 70 

been tested in different fisheries worldwide (see review by Nguyen and Winger 71 

(2019a)). For crab fisheries, previous studies have tested the effect of using different 72 

colored light emitting diodes (LED) on the catch efficiency of several crab species. For 73 

instance, results of several studies reported that green and white LED lights can 74 

significantly increase the catch efficiency of snow crab (Chionoecetes opilio) in both 75 

the Barents Sea and Canadian snow crab fisheries (Nguyen et al., 2017, 2019; Nguyen 76 

and Winger, 2019b; Cerbule et al., 2021a). Naimullah et al. (2022) found that green 77 

LED lights can improve the catch per unit effort of orange mud crab (Scylla olivacea) 78 

trap fishery in Setiu Wetlands of Malaysia. Susanto et al. (2022) investigated the 79 

response and behavior of blue swimming crab (Portunus pelagicus) towards different 80 

LED colors in laboratory conditions, and the results suggested that crab exhibits a high 81 

preference for blue LED lights. However, no practical applications of artificial lights 82 

such as LED lights have been reported to improve the catch efficiency of C. japonica 83 

gillnet fisheries. 84 

Liu et al. (2012) evaluated the effects of artificial lights on the feeding rhythms 85 

and growth of C. japonica in the laboratory and found that C. japonica exhibited 86 
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significantly higher feeding activity when exposed to blue and green color lights than 87 

to other color lights, and juvenile crabs had significantly higher growth rate in green 88 

color light than that in other color lights and no light. These results suggest that C. 89 

japonica has different phototaxis towards different light colors. Thus, specific artificial 90 

lights might provide an effective stimulus for attracting and aggregating C. japonica. 91 

However, considering the potential behavioral differences between laboratory and field 92 

conditions, it is essential to systematically assess how artificial lights affect the catch 93 

efficiency of C. japonica to understand the applicability of this technical measure in 94 

fisheries. 95 

Artificial lights have been extensively used to reduce bycatch of various aquatic 96 

animals in gillnet fisheries across different regions, including elasmobranchs, sea turtles, 97 

finfish, and Humboldt squid (Wang et al., 2010, 2013; Ortiz et al., 2016; Darquea et al., 98 

2020; Gautama et al., 2022; Senko et al., 2022). These observations suggest that 99 

applying LED lights in C. japonica gillnet fishery may potentially affect the species 100 

composition in the gillnet catches when different LED light colors are being tested. 101 

During low-yield seasons, the C. japonica gillnet fishery often captures a large 102 

proportion of different bycatch species. Some of the bycatch species have a high 103 

economic value; therefore, the captured individuals are usually retained by fishers to 104 

increase the income from the fishery. However, other unwanted bycatch species without 105 

any commercial value are discarded by the fishers. The response behavior of the 106 

different species to the LED lights can be species-specific. Therefore, it is also 107 

important to evaluate the effects of LED lights on the capture patterns in C. japonica 108 

gillnet fishery. 109 

In this study, we conducted the first scientific investigation assessing the 110 

applicability of LED lights in C. japonica gillnet fishery in the Yellow Sea, China. We 111 

tested and compared the catch performance of gillnets equipped with different colored 112 

LED lights (illuminated gillnets) with gillnets that did not have LED lights attached 113 

(conventional gillnets). This study aims to address the following research questions: 114 

 Can the use of LED lights improve the catch efficiency in gillnet fishery115 

targeting C. japonica?116 
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 If there are differences in catch efficiency for C. japonica between the 117 

illuminated and conventional gillnets, are they length-dependent? 118 

119 Is there is an optimal color of LED lights for improving the catch efficiency 

of C. japonica?120 

 Is the species composition in the gillnet fishery affected by the use of LED121 

lights?122 

123 

2. Materials and methods124 

2.1 Sea trials 125 

Sea trials were conducted onboard a commercial fishing vessel “Lurongyuyang 126 

62705” (6.7 m LOA) in April 2021 in the coastal waters of the Yellow Sea, China (Fig. 127 

1). The study area was located at traditional commercial fishing grounds for targeting 128 

C. japonica. The substrate type in this area is a mixture of mud, sand, and rock, and the129 

water depth ranges from 5 to 20 m. 130 

Five gillnet configurations were used for the trials: a conventional gillnet without 131 

LED attached (CG) as a baseline gear, and treatment gillnets, where each sheet was 132 

equipped with different color LED lights: blue (BG), green (GG), red (RG), and white 133 

(WG). All gillnets (baseline and treatment nets) were identical regarding their 134 

construction and dimensions. Specifically, each gillnet was made of 0.23 mm green 135 

nylon monofilament twine with 90 mm fully stretched mesh size. The dimensions of 136 

each gillnet sheet were 50 m (length) × 1.8 m (height). During the deployment, the 137 

hanging ratio (E) was 0.5 for all nets. The float was composed of plastic foam, and the 138 

sinker was made of 500 lead blocks, each weighing 20 g. For each treatment gillnet 139 

sheet, ten LEDs were attached to the float line at an interval of 4.9 m using nylon cable 140 

ties (Fig. 2). The LEDs were manufactured by Zhejiang Underwater Fishing Light 141 

Factory. The spectral distributions of LEDs measured by Laser Spectrometer (UPPtek) 142 

are shown in Figure S1. Peak wavelengths were 465 nm for blue lights,516 nm for green 143 

lights, 633 nm for red lights, and 456 nm for white lights. The specifications, parameters, 144 

and other related information (e.g., price and illumination time) of the LEDs can be 145 

found in Yu et al. (2022a). A total of 15 gillnet sheets were used, and all gillnets were 146 
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divided into five fleets, each containing three replicates for each configuration (Fig. 2). 147 

Each fleet was deployed approximately 200 m apart. 148 

Following the commercial fishing pattern, gillnets were set at twilight and retrieved 149 

in the morning of the following day after approximately 12 h soak time. After each trial, 150 

catches were sorted and identified at a species level. All individuals of the bycatch 151 

species were counted and recorded, and all C. japonica were measured for cl (defined 152 

as the distance from the frontal notch to the posterior margin of the carapace) to the 153 

nearest mm using calipers. 154 

155 

2.2 Modelling the length-dependent catch efficiency between baseline and 156 

treatment gillnets 157 

We estimated the length dependent catch efficiency between the non-illuminated 158 

baseline gillnets and each of the illuminated treatment gillnets separately following the 159 

procedure described below. 160 

The catch data were analyzed by modelling the length-dependent catch efficiency 161 

using the method outlined in Herrmann et al. (2017). This method models the 162 

experimental length-dependent catch comparison rate ( 𝐶𝐶𝑐𝑙 ) summed over 163 

deployments: 164 

𝐶𝐶𝑐𝑙 =
∑ {𝑛𝑡𝑐𝑙,𝑗}𝑚

𝑗=1

∑ {𝑛𝑡𝑐𝑙,𝑗 + 𝑛𝑏𝑐𝑙,𝑗}𝑚
𝑗=1

(1) 165 

where 𝑛𝑏𝑐𝑙,𝑗 and 𝑛𝑡𝑐𝑙,𝑗 are the numbers of crab that were measured in each length class 166 

cl for the conventional (baseline) and illuminated (treatment) gillnets with the specific 167 

LED light color (blue, green, red or white, respectively) in deployment j. m is the total 168 

number of deployments. The functional form of the catch comparison rate 𝐶𝐶(𝑐𝑙, 𝒗) 169 

was obtained using maximum likelihood estimation by minimizing the following 170 

expression (Herrmann et al., 2017): 171 

− ∑ {∑{𝑛𝑡𝑐𝑙,𝑗 × ln(𝐶𝐶(𝑐𝑙, 𝒗)) + 𝑛𝑏𝑐𝑙,𝑗 × ln(1.0 − 𝐶𝐶(𝑐𝑙, 𝒗))}

𝑚

𝑗=1

}

𝑐𝑙

(2) 172 

where v represents the parameters that describe the catch comparison curve defined by 173 

𝐶𝐶(𝑐𝑙, 𝒗). The outer summation in expression (2) is the summation over length classes 174 
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cl in the experimental data. When the catch efficiency of the baseline and treatment 175 

gillnets is similar, the expected value for the summed catch comparison rate would be 176 

0.5. Therefore, this value can be used to judge whether there is a difference in catch 177 

efficiency between the two gillnet configurations. The experimental 𝐶𝐶𝑐𝑙 was modelled 178 

by the function 𝐶𝐶(𝑐𝑙, 𝒗) using the following equation: 179 

𝐶𝐶(𝑐𝑙, 𝒗) =
𝑒𝑥𝑝(𝑓(𝑐𝑙, 𝑣0, … , 𝑣𝑘))

1 + 𝑒𝑥𝑝(𝑓(𝑐𝑙, 𝑣0, … , 𝑣𝑘))
(3) 180 

where f is a polynomial of order k with coefficients 𝑣0-𝑣𝑘. The values of the parameters 181 

v describing 𝐶𝐶(𝑐𝑙, 𝒗) were estimated by minimizing equation (2), which is equivalent 182 

to maximizing the likelihood of the observed catch data. We considered f of up to an 183 

order of 4 with parameters 𝑣0 , 𝑣1 , 𝑣2 , 𝑣3 , and 𝑣4 . Leaving out one or more of the 184 

parameters 𝑣0 … 𝑣4 resulted in 31 additional models also considered as candidates for 185 

the catch comparison 𝐶𝐶(𝑐𝑙, 𝒗 ). Among these models, estimations of the catch 186 

comparison rate were made using multi-model inference to obtain a combined model 187 

(Burnham and Anderson, 2002; Herrmann et al., 2017; Grimaldo et al., 2018). The 188 

ability of the combined model to describe the experimental data was evaluated based 189 

on the p-value, which is calculated based on the model deviance and the degrees of 190 

freedom (Wileman et al., 1996; Herrmann et al., 2017). For the combined model to 191 

sufficiently describe the experimental data, the p-value should not be <0.05, except for 192 

cases in which the data are subject to overdispersion (Wileman et al., 1996). Based on 193 

the estimated catch comparison function 𝐶𝐶(𝑐𝑙, 𝒗 ), we obtained the relative catch 194 

efficiency (also named catch ratio) 𝐶𝑅(𝑐𝑙, 𝒗) using the following equation: 195 

𝐶𝑅(𝑐𝑙, 𝒗) =
𝐶𝐶(𝑐𝑙, 𝒗)

1 − 𝐶𝐶(𝑐𝑙, 𝒗)
(4) 196 

𝐶𝑅(𝑐𝑙, 𝒗 ) quantifies the relative catch efficiency between the illuminated 197 

treatment gillnet with a specific LED light color and the baseline gillnet. If the catch 198 

efficiency of both treatment and baseline gillnets is equal, then 𝐶𝑅(𝑐𝑙, 𝒗) = 1.0 (Cerbule 199 

et al., 2022a). 𝐶𝑅(𝑐𝑙, 𝒗) = 1.5 would mean that the treatment gillnet is catching 50% 200 

more of the crabs with length cl than the baseline gillnet. By contrast, 𝐶𝑅(𝑐𝑙, 𝒗) = 0.5 201 

would mean that the treatment gillnet is only catching 50% of the crabs with length cl 202 
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caught by the baseline gillnet (Brinkhof et al., 2022; Grimaldo et al., 2023). 203 

We estimated confidence intervals (CIs) for 𝐶𝐶(𝑐𝑙, 𝒗 ) and 𝐶𝑅(𝑐𝑙, 𝒗 ) using a 204 

double bootstrapping method (Herrmann et al., 2017). This bootstrapping method 205 

accounts for between-deployment variability (the uncertainty in the estimation resulting 206 

from between-deployment variation of catch efficiency in the gillnets) and within-207 

deployment variability (the uncertainty about the size structure of the catch for the 208 

individual deployments). However, contrary to this double bootstrapping method, in 209 

the current study the outer bootstrapping loop accounting for between-deployment 210 

variation was performed paired for the treatment and baseline gillnets, taking full 211 

advantage of the experimental design in which, the gillnet configurations were fished 212 

simultaneously on the same fishing ground. 213 

By multi-model inference in each bootstrap iteration, the method also accounted 214 

for the uncertainty resulting from uncertainty in model selection. We performed 1000 215 

bootstrap repetitions and calculated the Efron 95% CIs (Efron, 1982). To identify sizes 216 

of crab with significant differences in catch efficiency, we checked for length classes in 217 

which the 95% CIs for the catch ratio curve did not include 1.0. 218 

Length-integrated average values (in percentage) for the catch ratio (𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒) 219 

were estimated directly from the experimental catch data by the following equations: 220 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− = 100 ×
∑ ∑ {𝑛𝑡𝑐𝑙,𝑗}𝑚

𝑗=1𝑐𝑙<𝑀𝐿𝑆

∑ ∑ {𝑛𝑏𝑐𝑙,𝑗}𝑚
𝑗=1𝑐𝑙<𝑀𝐿𝑆

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ = 100 ×
∑ ∑ {𝑛𝑡𝑐𝑙,𝑗}𝑚

𝑗=1𝑐𝑙≥𝑀𝐿𝑆

∑ ∑ {𝑛𝑏𝑐𝑙,𝑗}𝑚
𝑗=1𝑐𝑙≥𝑀𝐿𝑆

(5) 221 

where the outer summations include the length classes in the catch during the 222 

experimental fishing period that were below (for 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− ) and above (for 223 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+) the MLS. In contrast to the length-dependent evaluation of the catch ratio 224 

𝐶𝑅(𝑐𝑙, 𝒗 ), 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒−  and 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+  are specific for the crab population structure 225 

encountered during the sea trials and cannot be extrapolated to other areas and seasons 226 

in which the size structure of the crab may be different (Cerbule et al., 2021a,b). 227 

 228 

2.3 Estimation of the discard ratio 229 
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To investigate how well the size selectivity of the baseline and treatment gillnets 230 

matched the size structure of C. japonica population present in the fishing ground, two 231 

fishing usability indicators (𝑛𝐷𝑅𝑎𝑡𝑖𝑜𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 and 𝑛𝐷𝑅𝑎𝑡𝑖𝑜𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑚𝑡) were estimated 232 

directly from the experimental catch data using the following equations: 233 

𝑛𝐷𝑅𝑎𝑡𝑖𝑜𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 = 100 ×
∑ ∑ {𝑛𝑏𝑐𝑙,𝑗}𝑚

𝑗=1𝑐𝑙<𝑀𝐿𝑆

∑ ∑ {𝑛𝑏𝑐𝑙,𝑗}𝑚
𝑗=1𝑐𝑙

𝑛𝐷𝑅𝑎𝑡𝑖𝑜𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 = 100 ×
∑ ∑ {𝑛𝑡𝑐𝑙,𝑗}𝑚

𝑗=1𝑐𝑙<𝑀𝐿𝑆

∑ ∑ {𝑛𝑡𝑐𝑙,𝑗}𝑚
𝑗=1𝑐𝑙

(6) 234 

where the outer summations include the length classes that were below the MLS of C. 235 

japonica (in nominator) and over-all length classes (in denominator). nDRatio 236 

quantifies the fraction of undersized C. japonica in the catch. Ideally, nDRatio should 237 

be as low as possible. The value of nDRatio is affected by both the size selectivity of 238 

the gear and the size structure of the C. japonica in the fishing grounds. Therefore, it 239 

provided an estimate that is specific to the population fished and cannot be extrapolated 240 

to other scenarios (Cerbule et al., 2021a). Confidence intervals for these indicators were 241 

obtained by the double bootstrapping method described above. 242 

 243 

2.4 Length frequency distributions 244 

Length frequency distribution and cumulative length frequency distribution 245 

analyses were used to quantify the proportion of the total catch of C. japonica for each 246 

carapace length class cl and up to a given carapace length class CL, captured for each 247 

gillnet configuration g. The analysis was conducted using the following equation 248 

(Herrmann et al., 2020; Cerbule et al., 2021a): 249 

𝐷𝑛𝑔,𝑐𝑙 =
∑ 𝑛𝑔,𝑐𝑙,𝑗

𝑚
𝑗=1

∑ ∑ 𝑛𝑔,𝑐𝑙,𝑗𝑐𝑙
𝑚
𝑗=1

𝐶𝐷𝑛𝑔,𝐶𝐿 =
∑ ∑ 𝑛𝑔,𝑐𝑙,𝑗

𝐶𝐿
𝑐𝑙=0

𝑚
𝑗=1

∑ ∑ 𝑛𝑔,𝑐𝑙,𝑗𝑐𝑙
𝑚
𝑗=1

(7) 250 

By incorporating the evaluation of Equation (7) in the double bootstrap described 251 

above, we obtained 95% CIs. Further, to compare the length distribution of C. japonica 252 

captured by the baseline and treatment gillnets, the differences in length frequency 253 

∆𝐷𝑛𝑔,𝑐𝑙 and cumulative length frequency ∆𝐶𝐷𝑛𝑔,𝐶𝐿 between the baseline gillnet A and 254 
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treatment gillnets B were estimated as follows: 255 

∆𝐷𝑛𝐴,𝐵,𝑐𝑙 = 𝐷𝑛𝐵,𝑐𝑙 − 𝐷𝑛𝐴,𝑐𝑙

∆𝐶𝐷𝑛𝐴,𝐵,𝐶𝐿 = 𝐶𝐷𝑛𝐵,𝐶𝐿 − 𝐶𝐷𝑛𝐴,𝐶𝐿
(8) 256 

Efron 95% CIs for the ∆𝐷𝑛𝐴,𝐵,𝑐𝑙  and ∆𝐶𝐷𝑛𝐴,𝐵,𝐶𝐿  were obtained by the double 257 

bootstrapping method as described above. 258 

 259 

2.5 Species dominance analysis 260 

We examined the species dominance patterns determining species compositions 261 

captured in gillnets with different configurations (baseline and treatment). Specifically, 262 

we quantified the information about the catch composition of species abundances for 263 

baseline and all treatment gillnets separately by estimating the species dominance 264 

patterns as follows (Cerbule et al., 2022b; Herrmann et al., 2022): 265 

𝑑𝑔,𝑖 =
∑ 𝑛𝑔,𝑖,𝑗

𝑚
𝑗=1

∑ ∑ 𝑛𝑔,𝑖,𝑗
𝐾
𝑖=1

𝑚
𝑗=1

(9) 266 

In Equation (9), 𝑛𝑔,𝑖,𝑗 is the number of individuals of the species i according to the 267 

predefined species index (species rank) counted in gillnet configuration g during 268 

deployment j. K is the total number of species observed in the gillnet catches. 269 

To quantify relative species abundance in a given sample, cumulative dominance 270 

curves are often used, including when comparing fishing gear catches (i.e., Cerbule et 271 

al., 2022b; Petetta et al., 2023). In this study, we used cumulative dominance curves 272 

based on number of individuals observed for each species captured by gillnets with 273 

different configurations showing the cumulative proportional abundances plotted 274 

against a fixed species rank. This approach, similar as used in other studies (i.e., Cerbule 275 

et al., 2022b) allows comparison of the steepness of the cumulative dominance curves 276 

to obtain an overview on how many species are dominant and the distribution of their 277 

relative dominance in the catches. Furthermore, in this study we used separate ranking 278 

for legal-sized and undersized C. japonica, respectively. The catch dominance curves 279 

were estimated for each gillnet configuration g with the following equation (Warwick 280 

et al., 2008; Herrmann et al., 2022): 281 
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𝐷𝑔,𝐼 =
∑ ∑ 𝑛𝑔,𝑖,𝑗

𝐼
𝑖=1

𝑚
𝑗=1

∑ ∑ 𝑛𝑔,𝑖,𝑗
𝐾
𝑖=1

𝑚
𝑗=1

 with 1 ≤ 𝐼 ≤ 𝐾 (10) 282 

where I is the species index summed up to in the nominator. 283 

Based on using Equations (9) and (10), Efron 95% CIs were estimated for the 284 

dominance curves following the bootstrap procedure described in Herrmann et al. 285 

(2022). This procedure enables estimation of the uncertainty around the dominance 286 

curves induced by limited sample sizes for individual deployments as well as for 287 

between deployment variation in species dominance values. 288 

289 

2.6 Software 290 

All the data analysis procedures described in sections 2.2-2.5 were conducted 291 

using the software SELNET (Herrmann et al., 2012, 2016, 2017, 2022), software 292 

version date 27 March 2023. 293 

294 

3. Results295 

3.1 Description of experiments and catches 296 

Thirteen valid deployments were conducted during the sea trials. The water depth 297 

ranged from 9.7 to 14.9 m, and the gillnet soak time varied between 11.0 to 13.6 h 298 

(Table 1). A total of 2212 C. japonica were caught and length measured in all gillnets. 299 

The cl size ranged from 35 to 75 mm throughout the experiment. Furthermore, nine 300 

bycatch species were observed during the trials (Table 2). 301 

302 

3.2 Length-dependent catch efficiency 303 

For all catch comparisons between treatment and baseline gillnets, the estimated 304 

p-value was above 0.05, demonstrating that the model described the experimental data305 

sufficiently well (Table 3). 306 

The length-dependent catch comparison and catch ratio curves for BG vs. CG and 307 

WG vs. CG showed no significant differences in catch efficiency as the 95% CIs 308 

included the baseline for equal catch efficiency for all sizes of C. japonica (Fig. 3). The 309 
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length-integrated average values (𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒−  and 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ ) also reflected non-310 

significant differences in average catch ratio for both undersized- and legal-sized crabs 311 

between BG and CG and WG and CG gillnets (Table 3). 312 

For the comparison between GG and CG, the catch comparison and catch ratio 313 

curves showed that the GG had significantly higher catch efficiency than CG for C. 314 

315 

316 

317 

japonica length classes between 4.5-7.5 cm (Fig. 3). When averaged over the length 

classes, the GG caught significantly more legal-sized C. japonica than CG 

( 𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ =157.28% (CI: 127.07%-187.50%)), while increase for undersized 

individuals was not significant (Table 3). 318 

For RG vs. CG, the catch ratio results showed a significant reduction in catch 319 

efficiency for undersized C. japonica, while no significant differences for the capture 320 

of legal-sized C. japonica (Fig. 3). The length-integrated average values also showed a 321 

similar pattern (Table 3). Specifically, the catches of undersized crabs were significantly 322 

reduced by 35.14% (CI: 2.33%-59.35%). The results showed an indication of decrease 323 

in catches of legal-sized crabs; however, it was not statistically significant (Table 3). 324 

325 

3.3 Discard ratio 326 

There were no significant differences in discard ratio between the baseline and 327 

treatment gillnets (Table 3). For the baseline gillnet, the fraction of undersized C. 328 

japonica in the total crab catches was marginally higher than 25%; however, it was not 329 

significant (Table 3). For all treatment gillnets, the bycatch ratios of undersized C. 330 

japonica were slightly below 25%, varying from 21.99% to 24.88% (Table 3). 331 

332 

3.4 Length frequency distributions 333 

The length frequency distribution curves showed that the catch of both treatment 334 

and baseline gillnets comprised a larger proportion of legal-sized C. japonica (Fig. 4). 335 

The four pairwise comparisons between treatment and baseline gillnets did not show 336 

significant differences in length frequency distributions for both undersized and legal-337 

sized crabs (Fig. 4). The comparisons of the cumulative length frequency distributions 338 

also reflected a similar pattern (Fig. 5). 339 
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340 

3.5 Species dominance 341 

The species dominance values (Table 4), and species cumulative dominance 342 

patterns (Fig. 6) showed that C. japonica dominated the species composition captured 343 

in baseline and treatment gillnets. Specifically, the percentage of undersized and legal-344 

sized C. japonica summed up over 58% in gillnets with different configurations (Table 345 

4). Additionally, the percentage of wanted bycatches (i.e., species with a commercial 346 

value) in the total catch varied from 11% to 19% for gillnets with different 347 

configurations, while a larger percentage was observed for unwanted bycatches (i.e., 348 

species without a commercial value), ranging from 17% to 22% (Table 4). 349 

No significant differences in catch composition were observed between GG and 350 

CG as well as WG and CG (Table 4; Fig. 6). The comparison between BG and CG 351 

showed that undersized C. japonica was less dominant in catches of BG (Fig. 6). When 352 

comparing the RG and CG, the difference in cumulative catch dominance curves 353 

showed that C. japonica was significantly less represented in the catch composition in 354 

RG than CG while the opposite was observed for bycatch species (Fig. 6). Specifically, 355 

Hexagrammos otakii and Hexagrammos agrammus only contributed by 5.86% (CI: 356 

3.18%-8.89%) and 6.38% (CI: 3.80%-9.40%) to the total catches of CG, respectively, 357 

while accounting for 13.22% (CI: 8.41%-18.41%) and 14.67% (CI: 10.47%-19.54%) 358 

of total catches for RG. 359 

360 

4. Discussion361 

This study demonstrates that the effect of LED lights on the catch efficiency of C. 362 

japonica in this gillnet fishery differs depending on the light color used. Specifically, 363 

green LEDs can significantly enhance the catch efficiency of C. japonica. To our 364 

knowledge, this study is the first to assess the effects of artificial lights on catch 365 

efficiency in the crab gillnet fishery. Therefore, the findings of this study can offer a 366 

relevant insight into the suitability of using artificial lights to increase the catches in C. 367 

japonica gillnet fishery. 368 

Our study found that the green LED light was effective in increasing the 369 
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catchability of C. japonica, while the blue LED light did not have a significant impact 370 

compared to gillnets that did not have any LED light attached. This contrasts with the 371 

findings of Liu et al. (2012), who reported that C. japonica exhibited positive phototaxis 372 

to both blue and green lights during laboratory experiments. However, Nguyen et al. 373 

(2017) observed varying behavioral reactions of snow crab to LED lights of the same 374 

color in laboratory and in field conditions, thus highlighting the importance of field 375 

experiments in verifying the laboratory observations. The effects of artificial lights on 376 

fishing practices are better understood through field experiments. Furthermore, our 377 

study revealed that white light did not affect the catch efficiency of C. japonica, while 378 

red light had a negative impact on the capture efficiency due to retention of significantly 379 

less undersized C. japonica. These findings have implications for the use of LED lights 380 

in fishing practices. 381 

The intrinsic mechanisms of the species-specific reaction of C. japonica to 382 

different colored LED lights remain unclear. It is widely accepted that the species-383 

specific spectral sensitivity results from the long-term adaptation and evolution of each 384 

species in specific environments (Johnson et al., 2002; Kuliñski and Styczyñska-385 

Jurewicz, 2002; Nguyen and Winger, 2019a). Earlier studies also suggested the 386 

response of marine organisms to artificial lights could be attributed to various 387 

mechanisms, including positive phototaxis, preference for optimal light intensity, 388 

investigatory reflex, feeding on prey that are attracted to the light, schooling behavior, 389 

disorientation, or simply out of curiosity (Arimoto, 2013; Nguyen and Winger, 2019a). 390 

Therefore, additional anatomical, electrophysiological, and behavioral studies in 391 

laboratory conditions and in situ would contribute to fill the current knowledge gap 392 

about these species-specific responses to lights. 393 

The results showed that the effects of green and red LEDs on the catch efficiency 394 

of C. japonica were length-dependent. Specifically, the green-lighted gillnet showed an 395 

increasing catch efficiency with the increase of crab sizes, while the gillnet with red 396 

LEDs would reduce the catch efficiency of undersized crabs without any significant 397 

effect on the catches of legal-sized individuals. These results might be explained by 398 

several factors. First, the visual system of the crab varies across ontogeny, resulting in 399 
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changes in spectral sensitivity and corresponding behavioral and physiological patterns, 400 

such as feeding strategy, spatial vision, navigation, and prey recognition (Cronin and 401 

Jinks, 2001; Marchesan et al., 2005; Nguyen and Winger, 2019a). Second, the size-402 

dependent swimming ability can provide more opportunities for large individuals to 403 

approach the vicinity of illuminated gillnets compared to the undersized crabs. 404 

Additionally, C. japonica is known to exhibit strong territorial consciousness and 405 

aggressive behavior (Yu et al., 2021). The presence of larger individuals near 406 

illuminated nets may prevent smaller individuals approaching the gear. Future research 407 

using underwater video recordings would be beneficial for providing more insight into 408 

this explanation. 409 

Although green LED lights could significantly improve the catch efficiency of 410 

legal-sized C. japonica and increase the profit for the fishers, the potential impacts on 411 

the whole species composition in the gillnet catches should be fully taken into 412 

consideration. Specifically, the application of artificial light may also increase the 413 

capture probability of non-target species and negatively affect the biodiversity in 414 

ecosystems. Our study showed that the application of green LED did not significantly 415 

affect the catch composition in C. japonica gillnet fishery, while red LED increase the 416 

risk of catching bycatch species (i.e., H. otakii and H. agrammus). By understanding 417 

the effects of light fishing techniques on both target and non-target species, fisheries 418 

managers can implement sustainable practices to minimize negative impacts and ensure 419 

the long-term viability of C. japonica gillnet fisheries. 420 

In order to apply new fishing technologies in an existing capture fishery, the 421 

current management regulations and acceptance of the new technologies by the fishers 422 

should be considered. Our results showed that applying green LED light in gillnets 423 

would not contradict the bycatch ratio regulation as the proportion of undersized crabs 424 

was below 25%, which, furthermore, would improve the sustainability of this fishery. 425 

Additionally, green-illuminated gillnets achieved higher catch efficiency of legal-sized 426 

crabs compared to the conventional gillnet. This result could effectively alleviate the 427 

financial burden on coastal communities caused by the fishing moratorium. Moreover, 428 

ease of use and low cost are crucial factors in determining whether fishers will 429 
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voluntarily adopt the light fishing technology (Senko et al., 2022; Yu et al., 2022a). In 430 

gillnet fishing, LEDs are convenient to install on the float lines and can remain 431 

illuminated for multiple trials without requiring battery replacement. The operational 432 

mode of illuminated gillnets is identical to that of conventional nets, making it easy for 433 

fishers to adopt this technology without additional training. Previous studies have found 434 

that while the use of LEDs can increase the catchability of target species in specific 435 

fisheries, the economic benefits remain unclear due to the high investment of LEDs 436 

required (Nguyen and Winger, 2018; Nguyen et al., 2019). However, the domestically 437 

manufactured LEDs used in this study are priced at only 8 yuan per light (equivalent to 438 

$1.16/light), making the investment small compared to the potential increase in income. 439 

These advantages make the adoption of the light fishing technique feasible for gillnet 440 

fisheries on a large scale. 441 

The findings of this study can also serve as a reference for the application of LEDs 442 

in other fisheries targeting C. japonica, in addition to gillnet fishery. For example, crab 443 

pots/traps are also commonly used by fishers in small-scale fisheries in coastal China 444 

to capture C. japonica (Yu et al., 2021, 2022b). However, these fishing gears are 445 

characterized by low catch efficiency, making the use of green LED lights in pot/trap 446 

fisheries a promising alternative to increase the pot/trap catch efficiency. Apart from 447 

China, C. japonica is also widely distributed in other countries and regions, including 448 

Japan, Korea, Southeast Asia, and Oceania (Zhang et al., 2016; Yu et al., 2021). In 449 

Australia and New Zealand, C. japonica is deemed as an invasive species, competing 450 

with local crabs and causing severe ecological damage, and is feared as a carrier of viral 451 

diseases that may cause devastating damage to the aquaculture industry (Smith et al., 452 

2003; Vazquez Archdale and Kuwahara, 2006). The results of our study may aid in the 453 

more effective eradication of C. japonica from invaded ecosystems. 454 

Several studies have reported that the number, position, and intensity of LED lights 455 

affect the size selectivity and catch efficiency of fishing gear (Marchesan et al., 2005; 456 

Hannah et al., 2015). For instance, Lomeli et al. (2018) found that ten LED-configured 457 

trawls caught significantly more Pacific hake (Merluccius productus) than 458 

unilluminated trawls, while the five- and 20-LED configurations did not affect the mean 459 
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Pacific hake catches. Yamashita et al. (2012) reported that 24-36 MH lamps and 50 blue 460 

LED lamps appeared to have the optimal fishing effect for squid jigging. In this study, 461 

we added ten LED lights to the float line of gillnets as a preliminary measure. Future 462 

work should focus on the factors mentioned above and their interactions, which are 463 

essential for better understanding the performance of artificial lights in gillnet fisheries. 464 

In conclusion, our results demonstrate that artificial lights have great potential to 465 

be applied in the C. japonica gillnet fishery. By comparing the catch performance of 466 

gillnets mounted with different colored LED lights, green LED light was recommended 467 

as the optimal one because it significantly improved the catch efficiency of legal-sized 468 

crabs, and meanwhile did not affect the catch composition in this fishery. To facilitate 469 

the application of LED lights in C. japonica gillnet fishery and similar fisheries, more 470 

field experiments are further needed. 471 
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Tables 

Table 1 Summary details of the catch data of C. japonica in the sea trials using 

conventional gillnets without LED light (CG) and treatment gillnets with blue (BG), 

green (GG), red (RG) and white (WG) LED lights. 

Trip ID Date Soak time (h) Depth (m) 
Catch number 

CG BG GG RG WG 

1 12/04/2021 12.3 11.7 34 35 52 25 36 

2 13/04/2021 11.5 12.5 14 23 42 20 32 

3 14/04/2021 12.5 10.5 26 23 44 17 35 

4 15/04/2021 13.0 13.5 39 25 40 16 27 

5 16/04/2021 11.5 12.2 29 32 55 21 27 

6 17/04/2021 12.2 13.6 34 32 51 21 30 

7 18/04/2021 12.3 12.9 38 35 35 23 30 

8 19/04/2021 11.0 11.7 29 33 36 26 35 

9 20/04/2021 13.0 14.3 33 39 42 24 22 

10 21/04/2021 11.3 14.9 30 27 36 24 32 

11 22/04/2021 13.6 14.4 39 40 58 25 37 

12 23/04/2021 12.0 13.0 33 28 50 37 39 

13 24/04/2021 12.2 9.7 35 54 68 44 59 

Total 413 426 609 323 441 
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Table 2 List of bycatch species and number of individuals captured for the gillnets with different configurations during the experiments. Species 

names marked with * denote species of wanted catch. 

Species name Common name 

Number of individuals 

CG BG GG RG WG 

Sebastes schlegelii (Hilgendorf, 1880) * Black rockfish 28 66 81 28 74 

Hexagrammos otakii (Jordan & Starks, 1895) * Fat greenling 34 55 47 73 49 

Mesocentrotus nudus (A. Agassiz, 1864) * Sea urchin 2 1 2 6 1 

Sebastes hubbsi (Matsubara, 1937) Armored rockfish 51 57 83 25 59 

Hexagrammos agrammus (Temminck & Schlegel, 1843) Spotty belly greenling 37 60 72 81 43 

Pseudopleuronectes yokohamae (Günther, 1877) Marbled flounder 2 4 2 1 2 

Patiria pectinifera (Muller & Troschel, 1842) Starfish 4 1 6 5 3 

Platichthys bicoloratus (Basilewsky, 1855) Stone flounder 4 6 2 4 5 

Hemicentrotus pulcherrimus (A. Agassiz, 1864) Sea urchin 5 5 0 6 3 
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Table 3 Catch ratio (CR) results (in %) and fit statistics of four illuminated gillnet treatments for C. japonica using the conventional gillnet as 

baseline. Values in parentheses represent 95% confidence intervals. DOF denotes degrees of freedom. 

BG vs. CG GG vs. CG RG vs. CG WG vs. CG 

cl
 (

m
m

)

35 96.41 (54.93-125.20) 123.34 (62.96-184.55) 68.74 (34.61-95.19) 95.83 (47.30-140.00) 

40 97.87 (64.30-123.80) 128.69 (85.49-175.94) 70.62 (46.01-95.17) 98.10 (58.11-139.16) 

45 99.58 (73.62-122.40) 134.48 (105.47-171.07) 72.81 (53.69-95.87) 100.72 (68.20-137.73) 

50 101.57 (80.73-122.28) 140.69 (116.43-172.23) 75.34 (58.22-97.80) 103.72 (77.84-134.59) 

55 103.88 (86.50-123.76) 147.31 (123.24-181.76) 78.21 (62.88-101.18) 107.15 (87.31-132.23) 

60 106.53 (89.91-129.24) 154.31 (126.64-192.66) 81.45 (65.63-105.14) 110.05 (92.44-136.99) 

65 109.59 (91.72-136.24) 161.67 (128.89-208.28) 85.09 (66.27-114.83) 115.46 (92.61-154.99) 

70 113.09 (90.15-152.30) 169.32 (120.74-236.28) 89.17 (61.26-132.20) 120.47 (86.71-184.97) 

75 117.09 (85.60-182.66) 177.16 (106.47-272.29) 93.70 (53.83-168.22) 126.14 (77.27-232.14) 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒− 95.50 (69.01-140.24) 120.72 (83.33-181.61) 64.86 (40.65-97.67) 87.39 (51.56-150.68) 

𝐶𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒+ 105.96 (87.83-126.48) 157.28 (127.07-187.50) 83.11 (65.99-101.77) 113.91 (93.31-137.31) 

𝑛𝐷𝑅𝑎𝑡𝑖𝑜𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑚𝑡 24.88 (20.28-30.59) 22.00 (18.17-25.65) 22.29 (15.88-29.78) 21.99 (17.00-26.52) 

𝑛𝐷𝑅𝑎𝑡𝑖𝑜𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 26.88 (20.62-32.79) 

p-value 0.6175 0.2142 0.6059 0.4911 

Deviance 2.65 5.81 2.72 3.41 

DOF 4 4 4 4 
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Table 4 Species dominance values (in %) for the gillnets with different configurations (95% confidence intervals in brackets). Values in parentheses 

represent 95% confidence intervals. 

Species CG BG GG RG WG 

Legal-sized Charybdis japonica 52.07 (46.60-57.87) 46.99 (41.35-51.56) 52.49 (47.96-57.00) 45.47 (39.51-51.13) 50.44 (45.55-54.78) 

Undersized Charybdis japonica 19.14 (14.38-23.97) 15.56 (12.24-19.30) 14.92 (11.86-18.58) 13.04 (8.96-18.10) 14.52 (10.63-18.64) 

Sebastes schlegelii 4.83 (2.60-7.54) 9.69 (6.58-13.45) 8.95 (6.16-11.95) 5.07 (2.40-7.92) 10.85 (7.72-14.12) 

Hexagrammos otakii 5.86 (3.18-8.89) 8.08 (5.34-10.93) 5.19 (3.00-7.42) 13.22 (8.41-18.41) 7.18 (4.51-9.91) 

Mesocentrotus nudus 0.34 (0.00-1.10) 0.15 (0.00-0.66) 0.22 (0.00-0.71) 1.09 (0.16-2.48) 0.15 (0.00-0.62) 

Sebastes hubbsi 8.79 (5.25-13.41) 8.37 (5.21-11.36) 9.17 (6.50-12.38) 4.53 (1.79-7.38) 8.65 (5.69-11.96) 

Hexagrammos agrammus 6.38 (3.80-9.41) 8.81 (5.86-12.41) 7.96 (5.50-10.90) 14.67 (10.47-19.54) 6.30 (3.70-9.76) 

Pseudopleuronectes yokohamae 0.34 (0.00-1.23) 0.59 (0.00-1.66) 0.22 (0.00-0.75) 0.18 (0.00-0.86) 0.29 (0.00-0.93) 

Patiria pectinifera 0.69 (0.00-1.81) 0.15 (0.00-0.68) 0.66 (0.00-1.54) 0.91 (0.00-2.13) 0.44 (0.00-1.36) 

Platichthys bicoloratus 0.69 (0.00-1.88) 0.88 (0.00-2.33) 0.22 (0.00-0.74) 0.72 (0.00-1.81) 0.73 (0.00-1.86) 

Hemicentrotus pulcherrimus 0.86 (0.00-2.12) 0.73 (0.00-1.82) 0.00 (0.00-0.00) 1.09 (0.00-2.42) 0.44 (0.00-1.48) 
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Figures 

Figure 1 Map of study area in the Yellow Sea of China where the gillnets were deployed. 

Figure 2 Experimental setup showing a: the deployment of gillnet fleets without LED 

lights attached (baseline) and treatment gillnets with blue, green, red and white LEDs 

(ten LED lights attached on each treatment gillnet sheet). b: the dimensions of one of 

the five gillnet fleets. c: an example of the LED lights used in these experiments 

(manufactured by Zhejiang Underwater Fishing Light Factory). E= hanging ratio. 

Figure 3 Catch comparison rates and catch ratios of the illuminated gillnets for Asian 

paddle crab (Charybdis japonica). Left column: the modelled catch comparison rates 

(black line) with 95% confidence intervals (black stippled curves). The gray solid and 

dashed lines represent summed population for the illuminated and conventional gillnets, 

respectively. Circles represent the experimental rates. Right column: the estimated catch 

ratios (black line) with 95% confidence intervals (black stippled curves). Vertical solid 

lines represent the minimum landing size (MLS) of Asian paddle crab. Horizontal 

stippled lines represent the baseline at which the two gillnet configurations have equal 

catch efficiency. CG, conventional gillnet; BG, blue-lighted gillnet; GG, green-lighted 

gillnet; RG, red-lighted gillnet; WG, white-lighted gillnet. 

Figure 4 Length frequency distributions between the illuminated and conventional 

gillnets. Left column: length frequency distribution curves (solid lines) with 95% 

confidence intervals (dotted lines) representing the estimated length frequency for the 

illuminated (black) and conventional gillnets (gray). Right column: length frequency 

distribution curves (solid lines) with 95% confidence intervals (dotted lines) represent 

the differences in length frequency between illuminated and conventional gillnets. 

Vertical solid lines represent the minimum landing size of Asian paddle crab (Charybdis 

japonica). Horizontal dashed lines are baseline for no difference in length frequency 

distribution between the two gillnet configurations. 

Figure 5 Cumulative length frequency distributions between the illuminated and 

conventional gillnets. Left column: cumulative length frequency distribution curves 

(solid lines) with 95% confidence intervals (dotted lines) for the illuminated (black) and 

conventional gillnets (gray). Right column: cumulative length frequency distribution 
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curves (solid lines) with 95% confidence intervals (dotted lines) representing the 

differences between illuminated and conventional gillnets. Vertical solid lines represent 

the minimum landing size of Asian paddle crab (Charybdis japonica). Horizontal 

dashed lines indicate no difference in cumulative length frequency between the two 

gillnet configurations. 

Figure 6 Cumulative species dominance curves for gillnets with different 

configurations. Left column: cumulative dominance curves (solid lines) with 95% 

confidence intervals (dotted lines) for the species caught by the illuminated gillnets 

(black) and the conventional gillnet (gray). Right column: pairwise difference (delta) 

for cumulative dominance curves (solid lines) with 95% confidence intervals (dotted 

lines) representing the differences in the cumulative species dominance between 

illuminated and conventional gillnets. Horizontal dashed lines are baseline for no 

significant difference in cumulative species dominance between the two gillnet 

configurations. The x-axis shows the species ID: 1 Legal-sized C. japonica, 2 

Undersized C. japonica, 3 S. schlegelii, 4 H. otakii, 5 M. nudus, 6 S. hubbsi, 7 H. 

agrammus, 8 P. yokohamae, 9 P. pectinifera, 10 P. bicoloratus, 11 H. pulcherrimus. 
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Figure 2 Click here to access/download;Figure;Fig. 2.pdf
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