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Abstract 19 

Here we undertake the first broad-scale, cross-institutional collaboration to collect data on the 20 

size at maturity and reproductive strategy of the commercially fished decapod crab species, 21 

C. pagurus. Using identical methodology and temporal sampling, morphometric and 22 

physiological estimates of size at maturity were undertaken using 1 806 crabs sampled from 23 

populations in the seas off Ireland, the Isle of Man, Scotland, Wales, England and Norway. 24 

Additionally body condition, prevalence of external parasites, black spot disease, and the 25 

hepatosomatic index (HSI, hepatopancreas weight as a percentage of total tissue weight) and 26 

gonadosomatic index (GSI, gonad weight as a percentage of total tissue weight) were 27 
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estimated for some populations. C. pagurus appears to use a “capitalist” reproductive 28 

strategy, relying on previously accumulated energy to use through the reproductive season. 29 

Crabs displaying black spot disease had significantly lower HSI values, taking into account 30 

that HSI decreases with each progressive reproductive stage. Male crabs with poor body 31 

condition and black spot disease displayed greater GSI values; though this pattern was 32 

regionally variable it indicates that in some cases physical stress may induce greater 33 

investment into reproductive resources. Based on the carapace width at which 50% of the 34 

sampled population were physiologically mature (CW50), estimates of size at first maturity 35 

varied between sampled populations in the range 97-117 mm carapace width (CW) in 36 

females and 59-106 mm CW in males. The CW50 estimates reported here are smaller than 37 

previously reported values for C. pagurus populations; however, the variety of laboratory and 38 

statistical methodologies used in published studies prevent absolute comparisons with our 39 

results. We discuss the benefits of developing a standardised methodology for size at maturity 40 

research and the need for greater collaboration in fisheries research to achieve goals set under 41 

the European Union’s Data Collection Framework for this species.  42 

 43 

Keywords: collaborative science, commercial crustacean fisheries, Decapoda, gonadosomatic 44 

index, hepatosomatic condition, minimum landing size, reproductive strategy 45 

 46 

Introduction 47 

Cancer pagurus is a temperate water crab species (commonly known as the brown crab) with 48 

a broad distribution that extends from the NW coast of Norway to southern Morocco. In 49 

2014, a reported 32,500 tonnes were landed into the UK by local and foreign fishing vessels 50 

(MMO, 2015), with an additional 4,629 tonnes into Norway, 7100 tonnes into Ireland, and 51 

5,900 tonnes into France (ICES, 2015). The first sale value of brown crab landed in the UK 52 

was £44.6 million in 2014; which made brown crab the third most valuable shellfish fishery 53 

in UK waters (after the value of scallop and Nephrops landings). In spite of the high 54 

economic value of C. pagurus fisheries, they remain “data poor” in terms of understanding 55 

basic population parameters (e.g. age, size at maturity, fecundity; ICES, 2013).  56 

 57 
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Our best indication of the appropriate scale at which management of C. pagurus should come 58 

from connectivity research, such as molecular and tagging studies. We would hypothesise 59 

that adjacent populations of C. pagurus have high levels of connectivity, as adult movement, 60 

together with a prolonged planktonic dispersal phase, has been shown to enhance 61 

connectivity at a sea basin scale (Palumbi, 2003). Previous studies support this hypothesis, 62 

with little to no genetic differentiation observed in C. pagurus stocks in the northeast Atlantic 63 

(Ungfors et al., 2009 and pers. comm. Hayley Watson, Aberystwyth University, Wales, 64 

2015). Similarly, tagging studies show adult connectivity at scales of 103-105 m with C. 65 

pagurus individuals moving an average 200-300 m per day (Bennett and Brown, 1983; 66 

Ungfors et al., 2007). However, crab movements are sex specific, with distinct directionality 67 

along environmental and depth gradients during the phases of the reproductive cycle (Hunter 68 

et al., 2013). Such movements, along with oceanographic influences, may restrict gene flow 69 

for some self-recruiting populations (Eaton, 2003). Preliminary molecular results suggest that 70 

Yorkshire populations of C. pagurus may be self-recruiting (Maria Pan, Institute of Marine 71 

Research, Tromsø 2015). These studies suggest that fisheries and recruitment research for C. 72 

pagurus would have greater relevance at spatial scales larger than previously undertaken.   73 

 74 

Management measures for C. pagurus in the northeast Atlantic vary regionally. There are no 75 

quota regulations, but current, UK management measures include a cap on the number of 76 

shellfish fishing licenses, and bans on the landing of berried hens (gravid females) and “soft” 77 

(recently moulted) individuals (CEFAS, 2012). Minimum landing sizes (MLS) and other 78 

catch restrictions on C. pagurus vary among management units.  79 

 80 

The available published research suggests that Cancer pagurus becomes sexually mature at 81 

between 100 and 133 mm carapace width (Table 1). The most recently published studies, 82 

assessing the size at which 50% of the sampled population are mature, were undertaken in 83 

2007 in Scotland and Sweden (see Table 1). The European Commission’s Data Collection 84 

Framework (DCF), specifies a framework for the collection and management of fisheries data 85 

throughout Europe; this recommends maturity estimates for C. pagurus to be reported every 86 

three years with a specified precision level of 100 individuals per age class (European Union, 87 

2010). Regular sampling of fished populations is necessary as the size-selective mortality 88 

brought about through fishing can induce evolutionary changes in population biological 89 
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parameters (Kuparinen and Merilä, 2007; Swain et al., 2007). Further, the selective removal 90 

of large crabs (relative to size at first maturity) will disproportionately remove late maturing 91 

crabs, leaving a population dominated by crabs that mature early (thus smaller) if size at 92 

maturity is heritable. It is not known how much time, or size dependent fishing mortality is 93 

required to induce biological changes in crab populations, or if such changes might have 94 

already occurred in C. pagurus populations.  95 

 96 

Four definitions of maturity are commonly used in fisheries science to determine or infer 97 

maturity in crabs: morphometric, behavioural, physiological and functional maturity (Duffy 98 

and Thiel, 2007; Stevens, 2014). The definition of the term “maturity” in crab fisheries was 99 

ambiguous in much of the older literature. At present the terms for maturity are becoming 100 

more consistent (Lovrich and Tapella, 2014), but some terms, such as physiological and 101 

functional maturity, have been used interchangeably in the past. Allometric changes in 102 

growth that occur with the onset of maturity in crabs, result in a morphometric indication of 103 

maturity. Changes in the allometry of chelae, abdomen width and the first pleopods are 104 

known to be secondary sexual characteristics in many crab species, as these features are 105 

important for combat, display and courtship for mature male crabs (chelae) or for 106 

accommodating eggs in mature females (abdomen width, pleopods; Hartnoll, 1974). The rate 107 

of allometric change (positive allometry) may be abrupt, for example after a single pubertal 108 

moult; or it may be gradual, occurring over multiple moults (Warner, 1977). Physiological 109 

maturity is the presence of fully developed gonads capable of gamete production. 110 

Behavioural maturity is defined as the size when copulation can occur, resulting in the 111 

presence of a sperm plug in the female. For females, behavioural maturity does not infer that 112 

she is functionally mature; as a brood will only result in physiologically mature females. For 113 

males, behavioural maturity is possible when crabs are also morphologically mature enough 114 

(large enough) to successfully copulate.  Therefore the term functional maturity infers that 115 

females are physiologically mature, and males display both physiological and morphometric 116 

traits of maturity. Adolescent males (which display physiological but not yet morphological 117 

maturity traits) may be capable of successful pairings (Edwards, 1966; Rondeau and Sainte-118 

Marie, 2001) though the likelihood of this may depend on the operational sex ratio in the 119 

population (Duffy and Thiel, 2007) and the size frequency of each sex in the population. 120 

Laboratory studies have shown that female C. pagurus more often mate with larger males, 121 
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and that attending small males are often successfully displaced by larger males prior to a 122 

successful mating (Edwards, 1966).  123 

 124 

When determining physiological maturity, crabs are dissected and the presence, shape and 125 

colour of the gonads determine the maturity stage to which they are assigned. For C. pagurus, 126 

there is currently no comprehensive or standardised protocol for visually interpreting male 127 

and female gonads; nor is there a standardised number of reproductive development phases to 128 

which crabs can be assigned. Given that estimates of size at maturity for a population may 129 

vary with geographic and demographic population parameters and also methodology (see 130 

references in Table 1; Watters and Hobday, 1998) it is essential that a consensus is reached  131 

regarding protocols for the determination of maturity in order to support the needs of 132 

operational fishery management and stock assessment. 133 

 134 

Here we undertook a broad-scale, cross-institutional collaboration to collect data on the size 135 

at maturity for C. pagurus. We provide a comparison of size at maturity between regions 136 

using identical methodology and temporal sampling protocols, targeting the time of the year 137 

when the highest percentage of crabs are expected to have fully developed gonads (Brown 138 

and Bennett, 1980; Ungfors, 2007). The aim of the study was to provide the required 139 

information to better estimate spawning biomass, guide stock assessments and support the 140 

development of technical measures aimed at protecting spawning potential.  141 

 142 

 Methods 143 

In the late autumn and winter of 2014/2015, researchers worked in collaboration with the 144 

fishing industry in English, Irish, Manx, Norwegian, Scottish and Welsh waters to collect C. 145 

pagurus of a pre-determined size range (70 to 220 mm carapace width) for each sex (Figure 146 

1), although crabs outside of this size range were also retained. Crab catches relied on 147 

industry collaboration and therefore all samples were caught using standard static gear (a mix 148 

of soft and hard eyed crab pots, typically with a 45 mm mesh). Samples were collected and 149 

stored in freezers, which varied from upright domestic freezers to industrial “walk-in” deep 150 

freezers. Derogations for the retention of sublegal crabs were obtained from the relevant 151 

national authorities.  152 
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 153 

Laboratory methods 154 

After defrosting, each crab was photographed and inspected for body condition and the 155 

presence of sperm plugs, parasites and black spot disease. Crabs were assigned a condition 156 

index based on the number of limbs lost (and in a state of regrowth, Table 2). The index 157 

ignored legs that were lost due to rough handling or transport related to the fishing occasion 158 

on which they were caught for this study, this was evident from the colour of the wound; pink 159 

or white flesh, with no evidence of a protective skin layer forming (which is dark, sometimes 160 

black). Crabs were recorded as having the bacterial infection “black spot disease” based on 161 

the presence of one or more dark lesions penetrating through the carapace. Surface marks that 162 

were not obviously lesions were not recorded as black spot. Moult stage was assigned based 163 

on softness of the carapace, levels of biofouling and state of wear of the claws (Table 3) and 164 

whole wet weight (defrosted and blotted dry) was recorded to the nearest gram. The 165 

following morphometric measurements were taken, measured to the nearest millimetre: 166 

carapace width, abdomen width and right chela dimensions (height, length and width) as per 167 

Figure 2 of Ungfors (2007). When the right chela was missing, the left one was measured as 168 

the chelae are not dimorphic (Ungfors, 2007). However, some error for claw measurements 169 

must be taken into account, as claws are often lost and regrown and so claws that were 170 

obviously small and re-growing were not measured. A “claw” morphometric measurement 171 

was obtained by adding all three chela measurements together. The justification for adding 172 

the three measurements together is that each are useful allometric indicators for C. pagurus 173 

(Tallack, 2007; Ungfors, 2007), though for ease of analysis we reduced the multivariate data 174 

to a single morphometric estimate for each individual; this approach has been used in other 175 

crab morphometric research (Conan and Comeau, 1986). 176 

Crabs were dissected by using kitchen shears to cut around the outside margin of the dorsal 177 

carapace, then the central body mass was carefully removed to reveal the hepatopancreas and 178 

beneath that, the gonads. For the hepatosomatic index (HSI), an indicator of lipid stores, the 179 

hepatopancreas was carefully removed and weighed to the nearest gram; hepatosomatic index 180 

was then calculated as the percentage of whole wet weight: 181 

, (1) 182 
i

i
i

W

H
HSI 100
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where Hi and Wi are hepatopancreas and whole wet weight respectively for individual i. HSI 183 

data were not collected for every population. The gonad was photographed and staged using 184 

visual descriptions of male and female stages from Ungfors (2007, and references therein; our 185 

Table 4 and Figure 2). The gonad was carefully removed and weighed to the nearest gram; 186 

gonadosomatic index (GSI) was then calculated for crabs in advanced maturity stages (stage 187 

three for males and stage four for females): 188 

, (2) 189 

where Gi is gonad wet weight for individual i. Crabs in poor condition, which may have died 190 

some time prior to freezing typically contained liquefied internal organs; these individuals did 191 

not have the hepatopancreas weighed, and in extreme cases gonads were not weighed.  192 

 193 

Statistical methods 194 

All statistical analyses were run in the statistical package R (R Core Team 2014). 195 

Physiological maturity data were converted to binary form (immature = 0 and mature = 1). 196 

Population estimates for size at maturity were estimated using a logistic regression model 197 

(Roa et al., 1999) reformulated by Walker (2005) to produce: 198 

𝑃𝑖 = {1 + 𝑒
− ln(19)(

CW𝑖−CW50
CW95−CW50

)
}

−1

        (3) 199 

where P(i) is the proportion of the population mature at a given CW and β1 and β2 are curve 200 

parameters corresponding to CW50 and CW95, respectively.  CW50 and CW95 are the carapace 201 

widths at which, respectively, 50% and 95% of individuals are mature. Parameters were 202 

estimated using a generalized linear model (GLM) with a logit link function and a binomial 203 

error structure. Confidence intervals were determined by bootstrapping the GLM (10 000 204 

runs). The base R code was constructed by Alastair V. Harry and is available online (Harry, 205 

2013). Analysis provided separate estimates of CW50 and CW95 for each region for each sex. 206 

Females were considered mature if the ovary was in a developing stage (i.e. stages 2 to 5) and 207 

males if sperm forms were present (stages 2 and 3). 208 

To describe morphometric maturity and determine at what CW positive allometry occurs, an 209 

iterative search procedure used the following linear model:  210 

i

i
i

W

G
GSI 100
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𝑦𝑖 = {
𝛽0 +𝛽1𝐶𝑊𝑖, 𝐶𝑊𝑖 < 𝑐
𝛽2 +𝛽3𝐶𝑊𝑖, 𝐶𝑊𝑖 ≥ 𝑐

,        (4) 211 

where yi is either abdomen width (females) or claw dimension (males, claw height + claw 212 

length + claw width) of individual i, c is a breakpoint (inflection) between linear relationships 213 

applying above and below the value of carapace width equal to c, and the β parameters are 214 

the intercepts and slopes of the two linear relationships.  The value of c that minimises the 215 

total residual mean standard error is found by iteration (Crawley, 2007; Lemoine, 2012). 216 

 217 

For the Welsh morphometric analysis a larger dataset of measurements was available from 218 

on-board observing, processor sampling, size at maturity, and fecundity research undertaken 219 

between 2012 and 2014. Additionally a collaborative opportunity within Bangor University 220 

enabled the morphometric measurements to be taken for juvenile C. pagurus caught from the 221 

shore. NERC Project, UK (NE/J007544/1) “Climate change and the costs of survival in two 222 

species of marine crabs with contrasting abilities to compensate for environmental change” 223 

(www.saloa.org; Dr Coleen Suckling and Dr Nia Whitely).  224 

  225 

GLM analyses were applied to the HSI and GSI data.  HSI and GSI were used in separate 226 

GLMs as response variables with country, body condition and black spot as predictor 227 

covariates in initial models. GSI was modelled for mature males (stage 3) and females (stage 228 

4) separately with a starting model with country, body condition and black spot disease 229 

(presence/absence) defined as factors and all possible interaction terms.  Model selection 230 

used a backwards process from the full model, to more parsimonious models, using Akaike’s 231 

Information Criterion (AIC), where models with an AIC more than two points lower were 232 

accepted. Where AIC values were less than two points lower the simpler model was accepted. 233 

A gamma distribution with a log link was chosen for the continuous skewed response data. 234 

 235 

For all models standard testing for compliance with model assumptions and conditions were 236 

undertaken using diagnostic procedures in R (R Core Team, 2014). Final models were 237 

checked for heterogeneity of variance using scatterplots of standardised residuals against 238 

fitted values and all covariates. Normality was checked using Q-Q plots and outliers were 239 

identified using leverage and Cook’s distance plots.   240 

http://www.saloa.org/
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 241 

RESULTS 242 

Cancer pagurus samples were collected from all locations between November 2014 and 243 

March 2015. A total 1 806 crabs were visually assessed for physiological maturity and/or 244 

measured for morphometric features (Table 5). The sampled crabs ranged in size from 30 to 245 

220 mm CW (carapace width). Female crabs caught were between 66 and 182 mm CW and 246 

males 30 and 220 mm CW. Although we aimed to catch equal frequencies of each 10 mm 247 

size class, this was not possible and the frequency at which C. pagurus could be caught in 248 

fisheries samples below 80 mm CW decreased markedly for both sexes (see Figure 3).  249 

 250 

Size at morphometric maturity 251 

The iterative linear model failed to identify a morphometric inflection point in most female 252 

crab data combined or divided by location and with the exception of the Isle of Man females, 253 

most data were better described by a single straight line (Figure 4). The lowest mean standard 254 

error indicated an inflection of 124 mm CW for Isle of Man samples; however, caution 255 

should be taken with this result due to the paucity of female crab samples of sizes 110-125 256 

mm CW in this region.  257 

An inflection in male claw dimensions was detected at a carapace width of 101 mm CW for 258 

pooled data (Figure 5). For individual regions the inflection points ranged from 95 to 118 mm 259 

CW. Too few data were available to detect an inflection from the English samples and a 260 

straight line better described the available data (Figure 5).  261 

 262 

Physiological maturity 263 

The smallest observed physiologically mature male was 63 mm CW and the smallest mature 264 

female was 68 mm CW, both were caught in Welsh waters (Table 5). Of the 1 806 sampled 265 

crabs, maturity was successfully assigned for 1 786 crabs and 78% of those were found to be 266 

mature. A total of 25% of females and 50% of males smaller than 100 mm CW were found to 267 

be mature (Figure 6). 268 

 269 



10 
 

Males were found to mature at a smaller size than females for all populations (Figure 7). 270 

Confidence intervals were wider where smaller crabs were not available; for English samples 271 

most male crabs were mature so it was not possible to accurately estimate CW50.  272 

 273 

Functional maturity 274 

A total of 75% of sampled males could be classed as functionally mature as they were both 275 

above the physiologically mature size (CW50 = 88 mm) and also above the size at 276 

morphometric maturity (101 mm CW). A total of 15% of males were considered adolescent, 277 

in that they were physiologically mature (were capable producing sperm) but did not show 278 

any signs of morphometric maturity. For females functional maturity could be gauged as 279 

those capable of fertilizing and brooding their eggs but this was not tested here.  280 

 281 

Behavioural maturity 282 

Of the 1 130 sampled females, 145 (13%) had sperm plugs present; though this was much 283 

higher in Norwegian catches (43% displayed sperm plugs). Additional observations of the 284 

Norway catches were of mainly recently moulted crabs. The size of sampled female crabs 285 

with a sperm plug observed ranged from 83 – 149 mm CW (Table 5). The behavioural 286 

maturity index (sperm plugs) is obviously related to the moult cycle and will therefore vary 287 

seasonally.  288 

 289 

Hepatosomatic Index 290 

HSI data were not available for all populations. Additionally the poor internal condition of 291 

Irish, Isle of Man and English samples after deep freezing (in large commercial and -80°C 292 

freezers) degraded hepatopancreas tissues resulting in unreliable and highly variable 293 

hepatopancreas weights. Scottish and Welsh samples were kept in domestic -20°C freezers on 294 

the day of capture and were dissected less than a month after freezing (within the week where 295 

possible).  296 

 297 
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For Welsh samples, ANOVA found the HSI was significantly different between maturity 298 

stages for females (F4,195= 11.41, p < 0.001) and males (F2,211 = 10.61, p < 0.001). Crabs in 299 

the “mature” stages (four for females and three for males) had significantly lower HSI than 300 

all other stages (Tukey HSD, all p<0.01). Boxplots showed a decreasing trend in HSI with 301 

progressive maturation until stage four (Figure 8). Scottish samples did not show any 302 

statistically significant trends. No statistically significant relationships between HSI and body 303 

condition were found.  304 

 305 

Parasite presence / effects 306 

Of the 1 806 crabs caught, ten were infected by the rhizocephalan parasite, Sacculina sp. 307 

(eight from Bridlington, England; one from Galway Bay, Ireland and one from 308 

Pembrokeshire in Wales). Nine of the ten infected crabs were male, and crabs ranged in size 309 

from 32 to 93 mm CW. The body condition of the infected crabs ranged from good 310 

(condition 1, n = 6; condition 2, n = 1) to poor (condition 4, n = 3). Only one infected crab 311 

also had black spot. Low sample sizes prevented any analysis comparing HSI between crabs 312 

with and without parasites.  313 

 314 

Black spot disease 315 

Data on the prevalence of black spot disease in sampled crabs was available for all but one 316 

population (Norway). Only 9.6% of the sampled crabs showed signs of black spot disease, 317 

7.27% of the sampled females and 12.87% of the sampled males. The mean size of infected 318 

females was 115 mm CW (SD = 18 mm) and males was 123 mm (SD = 18 mm). The 319 

smallest crab presenting with black spot disease was 72 mm CW (from Bridlington, 320 

England). Black spot disease was more prevalent in Scottish and Isle of Man populations 321 

compared to other areas. The percentage of crabs with black spot by country were as follows: 322 

Ireland, 3.49%; Isle of Man, 12%; Scotland, 26.35%; Wales, 4%; and England, 5.7%. An 323 

analysis of covariance was used to determine if black spot disease and maturity stage 324 

influenced HSI (for crabs from Scotland and Wales). Lower HSI values occurred in crabs 325 

with black spot (F1,693 = 24.07; p < 0.001) and with maturity stage (F1,693 = 9.43, p = 0.002, 326 

Figure 8) with no interaction found between black spot and maturity stage. Additionally no 327 

relationship was found between moult stage and the presence of black spot. This was 328 
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similarly the case for Irish, Isle of Man, Scottish and Welsh populations when assessed 329 

individually (too few observations were available to conclude any relationship in English 330 

samples).  331 

 332 

Gonadosomatic index 333 

Data on the gonadosomatic index (GSI) were available for all populations except Norway. 334 

The simplest adequate model for males, selected by minimum value of the Akaike 335 

Information Criterion (AIC), included all three factors as main effects (country, body 336 

condition and black spot disease), together with all two-way interactions involving country, 337 

implying significant differences in GSI between body condition categories and between 338 

individuals with and without black spot disease, but with the pattern differing between 339 

countries (Table 6).  Similar modelling attempts on females failed to meet assumption 340 

conditions. GSI was higher in both C2 (minimum observed damage) and C5 (both chelae 341 

missing or severe damage) crabs. The effect of body condition on GSI is regionally specific. 342 

 343 

DISCUSSION  344 

In fisheries management the minimum landing sizes (MLS) is typically used to protect brood 345 

stock. For C. pagurus the MLS varies with sex and also stock management unit and ranges 346 

between 115 and 160 mm carapace width (CW), with most areas using a 130 or 140 mm CW 347 

MLS (ICES, 2013). The size at which 50% of crabs were mature (CW50) was 105 mm for 348 

females and 88 mm for males (countries pooled). Females ranged in CW50 from 97 to 117 349 

mm; which is below current MLS for most European management units. Male crabs were 350 

physiologically mature at smaller sizes (CW50 59 to 106 mm). At the current CW50, and using 351 

published moult increments for C. pagurus (Bennet, 1974; Hartnoll and Mohamedeen, 1987), 352 

males would require at least one further moult cycle before they would be of a size that is 353 

capable of forming a functional mate pair (Edwards, 1966). Taking crab behaviour and 354 

current CW50 values for each sex, it would be a reasonable suggestion to manage both males 355 

and females at the same MLS. As C. pagurus is a seasonal synchronous breeder, the 356 

operational sex ratio (the ratio which influences mating success) is dependent on the length 357 

frequency, density and proportion of available males in the population (Duffy and Thiel, 358 

2007). Males may come under higher fishing pressure as markets desire the larger claws with 359 
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higher white meat yield and so it would be important to manage towards a suitable length 360 

frequency for both sexes. The variable migratory and behavioural differences between male 361 

and female C. pagurus (Brown and Bennett, 1980; Hunter et al., 2013) make it difficult to 362 

determine the functional sex ratio, as bias will be present in fisheries catches (Woll et al., 363 

2006). In Welsh waters seasonal fluxes of either male or female crabs have been seen to 364 

dominate landings, however, in Irish offshore fisheries, 80% of the landings are primarily 365 

female (pers. obs. Authors). There is great scope here for combining seasonal sex ratio data to 366 

investigate seasonal migration patterns, particularly around the UK and Ireland.  367 

 368 

Is physiological size at maturity decreasing? 369 

Given the available literature on the size at maturity for C. pagurus it was hypothesised that 370 

crabs below 100 mm CW would be mostly immature. However, 25% of females and 50% of 371 

male crabs below 100 mm CW were found to be physiologically mature. The CW50 values 372 

reported here are between 3 and 51 mm smaller than historical published reports of CW50 in 373 

similar locations. A decrease in size at maturity has been observed in populations targeted by 374 

fisheries that selectively take larger individuals (Roff, 1992), which is typical of the C. 375 

pagurus fisheries, where larger animals command a higher price and are more marketable. 376 

Decreases in size at maturity can also occur naturally when the cost of growth outweighs the 377 

cost of reproducing (or the benefit of maturing early is greater than the benefits of a larger 378 

body size; Roff, 1992). At this point we are unable to conclude that the decrease in CW50 is a 379 

real one, as the historical estimates in the published literature were made using variable 380 

methodologies, sampling seasons and the locations were not identical to those used in the 381 

present study. However, the marked difference between our results and historical studies 382 

highlights the need for the development of a standardised methodology for future spatially 383 

and temporally comparative research.  384 

 385 

Sample design and physiological maturity 386 

The size at maturity varied between regions by as much as 47 mm for males and 20 mm for 387 

females. The spatial variation in size at maturity could not be attributed to latitude, longitude 388 

or available reported landings per unit effort data using basic exploratory plotting; suggesting 389 

other factors are influencing the spatial variability in CW50. The spatial variation could be 390 
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due to environmental influences such as depth of catch, temperature or exposure, although 391 

data were not available to test this in this study. Additional data on catch statistics (sex ratio 392 

and length frequency) may explain spatial variation, though to achieve this it would require 393 

some co-ordination between management regions to ensure data was available and relevant. 394 

The initial size range for collection (70-220 mm CW) did not take into consideration that 395 

animals as small as 63 mm CW would be found mature, attempts within the study time frame 396 

to capture additional small crabs failed as the standard fishing gear used was not effective at 397 

capturing small crabs. Recent field research in Welsh waters found small mesh (8 mm) d-398 

shaped traps were successful at capturing juvenile C. pagurus between 20 and 120 mm CW, 399 

with the bulk of catches smaller than 100 mm CW (Bookelaar, 2014). For future work it may 400 

be necessary to employ additional fisheries independent sampling procedures such as 401 

“juvenile pots” to capture the smaller sized crabs.   402 

 403 

Morphological maturity 404 

The majority of the sampled male and female Cancer pagurus were found to be mature 405 

during the sampling period (78%), confirming that the late autumn / winter period is the best 406 

time to assess maturity in brown crab. The estimates of size at maturity varied with method, 407 

for males, the smallest functionally mature crab (with sperm present) was 63 mm CW; 408 

overall CW50 across all regions was 88 mm and morphometric methods gave the larger value 409 

of 101 mm CW. The onset of positive allometry varies with sex and species in brachyuran 410 

crabs; males typically show the strongest positive allometry after puberty and females prior to 411 

puberty (Hartnoll, 1974). This study and previous research suggests that post pubertal, 412 

positive allometry in Cancer pagurus is not detectable until at least 20 mm of post maturity 413 

growth occurs (this study and Ungfors 2007). Given that size and morphology are integral to 414 

reproductive success for males (Edwards, 1966), morphometric measurements of male crabs 415 

remain vital for maturity research. Inflection points were not accurately detected in female 416 

crabs in this study, which is surprising given that inflections have been reported on similar 417 

size ranges and sample numbers. It could be that a wider size range than that presented in the 418 

present study is needed to detect allometric changes in abdominal width. Alternatively, 419 

abdominal width may be a poor estimator of the onset of functional maturity for female 420 

Cancer pagurus. We conclude that abdominal width may play a more important role in 421 

fecundity estimates rather than size at maturity for this species.  422 
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 423 

Reproductive strategy and trade off between stored energy and reproductive efforts 424 

The hepatosomatic index (HSI) is typically used as a measure of nutritional condition (as it is 425 

a measure of stored lipids). This research found that C. pagurus HSI decreased with maturity 426 

stage indicating that as the reproductive cycle progresses, energy is used at a higher rate than 427 

it is being replaced. This was evident in gravid female crabs, as the HSI and fecundity 428 

(standardised for crab size) were negatively correlated (Haig et al., 2015). In reproductive 429 

physiology this is known as a “capitalist strategy”. As capital breeders rely on previously 430 

acquired nutrients to maintain body condition during reproduction (Stearns, 1992) we 431 

anticipated HSI decrease in crabs with poor body condition, though there were no significant 432 

findings. HSI was negatively related to the presence of black spot suggesting that the 433 

presence of the disease creates an increased energy deficit. In contrast with HSI, GSI 434 

increased in crabs with black spot disease and also with moderate and poor body condition. It 435 

is possible that HSI energy reserves are diverted into reproduction (increased GSI) in times of 436 

physical stress. However, these results are preliminary and further investigation is required.  437 

Regardless of the preliminary nature of these results, it is clear that body condition and 438 

disease state are important when considering reproductive output for Cancer pagurus. Further 439 

research, using manipulative experiments to investigate changes in HSI and GSI in response 440 

to physical stressors is necessary to conclusively determine the exact nature of the 441 

reproductive trade offs suggested here.  442 

 443 

For most populations, the prevalence of black spot in the sampled population was low (~3-444 

6%) although this was much higher in Isle of Man and Scottish populations (12 and 26% 445 

respectively). Black spot is thought mainly to affect older crabs with a lower moult frequency 446 

(Stentiford, 2008). However, we observed infected female crabs with a mean size of 115 and 447 

males a mean 123 mm CW with the smallest infected crab at 72 mm CW. We recorded only 448 

presence, not severity of the disease so it is not possible to quantify the effect of black spot on 449 

the population. We found no evidence to suggest that the rhizocephalan parasite Sacculina sp. 450 

has an impact on the condition or reproductive output of the crabs. However, only ten out of 451 

the 1 806 crabs sampled in this study were infected by this parasite and all ten crabs were 452 

below 100 mm CW. These results concur with those of other studies, which indicate that 453 
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Sacculina sp. is only found in pre-recruits (Bateman et al., 2011) and in shallow waters 454 

(Boschma, 1955).  455 

 456 

The future for crustacean fisheries biology research 457 

Even though research on reproductive biology and sexual maturity in C. pagurus dates back 458 

to the 1960s, a methodology for determining maturity has not been standardised. This lack of 459 

comparability in maturity research, not only inhibits temporal comparisons, but also ensures 460 

future studies remain isolated pieces of work rather than a time series of usable data. Size at 461 

maturity estimates are required as part of the European data collection framework and are 462 

required to estimate spawning biomass and for informed stock management; we hope to build 463 

on this research by creating a standard operating procedure (SOP) for the collection of 464 

maturity data on C. pagurus, using this and other recent work (Larssen et al., n.d.), to reach a 465 

consensus. It was recently recognised that there is a greater need for more collaborative 466 

science in shellfish fisheries research (DEFRA Shellfish Symposium, London, UK, 2014) we 467 

suggest that the adoption of an SOP, along with an open access data service, would ensure 468 

better collaborative opportunities. A collaborative approach and a detailed SOP would also 469 

enable fishing industry and community groups to contribute and enhance the spatial 470 

component to maturity data.  471 
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Table 1. Size at maturity of Cancer pagurus in the published literature. Maturity, divides the description of “mature” individuals into 602 
behavioural (physical act of mating), functional (mature gonads capable of producing offspring), and morphometric (physical change associated 603 

with maturity, typically an increase in claw dimensions in males and abdomen width in females); Method, is the method used to identify 604 
maturity; CW50 is the size at which 50% of the caught crabs were mature; CW mature, is the smallest mature individual or the full range of 605 

mature individuals reported if no CW50 value was available; Country and year, country and year of study; n, number of individuals assessed for 606 
maturity.  607 

Maturity Method Sex CW50 CW mature Country Year n Reference 

Behavioural Sperm plug present F 118.5 100 Sweden 2002 399 (Ungfors, 2007) 

Behavioural Sperm plug present F 122.9 91 Scotland 1999-2001 812 (Tallack, 2007b) 

Behavioural Sperm plug present F   105-211 England     (Brown and Bennett, 1980) 

Physiological Gonad development F 120 

 

Ireland 1998 

 

(Tully et al., 2006) 

Physiological Gonad development F 131.8 

 

Sweden 2002 399 (Ungfors, 2007) 

Physiological Gonad development F 133.5 132 Scotland 1999-2001 73 (Tallack, 2007b) 

Physiological Gonad development M 100.9 

 

Sweden 2002 271 (Ungfors, 2007) 

Physiological Gonad development M 104.3 

 

Scotland 1999-2001 73 (Tallack, 2007b) 

Physiological Gonad development M 

 

>110 England 1961-1966 

 

(Edwards, 1979) 

Functional Sperm in spermathaeca F 106.6 

 

Sweden 2002 399 (Ungfors, 2007) 

Functional Ovigerous  F 143.7 100 Scotland 1999-2001 1025 (Tallack, 2007b) 

Functional Ovigerous  F 

 

111 France 

  

(Le Foll, 1984) 

Functional Ovigerous F 105-109 76 France 1990-1992 273 (Latrouite and Noel, 1993) 

Functional Ovigerous  F 

 

115 England 

  

(Pearson, 1908) 

Functional Ovigerous  F 

 

116-198 Wales 2013-2014 96 (Haig et al., 2015) 

Functional Ovigerous  F 

 

118 Scotland 1999-2001 1396 (Tallack, 2007b) 

Functional Ovigerous  F 

 

122-159 Norway 

  

(Woll, 2003) 

Functional Ovigerous  F 

 

127-216 England 1961-1966 

 

(Edwards, 1979) 

Functional Ovigerous  F 

 

133-205 England 1968-1972 35 (Brown and Bennett, 1980) 

Functional Ovigerous  F   140-184 Scotland 1985   (Hines, 1991)  

Functional Successful insemination M  102 England  37 (Edwards, 1966) 

Morphometric Abdomen F 103.7 95-104 Sweden 2002 399 (Ungfors, 2007) 

Morphometric Abdomen F 115.9 

 

Scotland 1999-2001 412 (Tallack, 2007b) 

Morphometric Chelae M 101.6-109.5 

 

Scotland 1999-2001 402 (Tallack, 2007b) 
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Morphometric Chelae M 

 

110 England 1961-1966 

 

(Edwards, 1979) 

Morphometric Chelae depth M 122.5 

 

Sweden 2002 271 (Ungfors, 2007) 

Morphometric Chelae height M 122.3 119-124 Sweden 2002 271 (Ungfors, 2007) 

Morphometric Chelae width M 119.5 125-129 Sweden 2002 271 (Ungfors, 2007) 

Morphometric Pleopod  F 147.3   Scotland 1999-2001 131 (Tallack, 2007b) 
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Table 2. Condition index assigned to all Cancer pagurus.  608 

Index Description 

1 All legs present. No black spot. No damage. 

2 One or two legs missing  

3 More than two legs missing (number of missing limbs noted) 

4 One or both claws missing 

5 One or both claws missing and some legs missing 

 609 

 610 

 611 

Table 3. One of four moult stages were assigned to each Cancer pagurus using an accepted 612 

classification system from the published literature (Edwards, 1979; Ungfors, 2007). 613 

 Moult Stage Description 

1 Early post moult Soft, white, clean, distal periopods are very sharp, you 

can usually slightly depress the clean white carapace 

spaces either side of the abdomen  

2 Recent moult Clean, not fully hardened yet, distal periopods are still 

sharp 

3 Inter-moult Some biofouling, distal periopods are worn / blunt 

4 Degraded Usually lots of biofouling including tube worms and 

larger barnacles, limbs missing, holes, usually a bit 

smelly (underside hairs usually thick with biofilm).  

NB crabs may be stage 3 with no bio-foul, or stage 2 with broken periopods. The moult 614 

stages were confirmed during dissection by noting the thickness of the carapace.  615 
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 616 

Table 4. Female and male visual gonad stages for Cancer pagurus obtained from the literature (See Table 1).  617 

Female Stage 1 2 3 4 5 

Description Immature Undeveloped Developing Mature Resting / Recovery 

Stage No egg cells present Pre-vitellogenesis Early secondary 

vitellogenesis 

Late secondary 

vitellogenesis 

Post reproductive  

Visual Thin translucent 

gonad. White and 

pale 

Lobes present, 

greyish pink 

Slight Pink 

appearance, covering 

<50% of cavity 

Orange, red obvious 

ovaries. Covers 

>50% of cavity 

Whitish ovary with 

loose appearance. 

Remnant eggs 

Male Stage 

 

1  2 3  

Description Immature  Developing Mature  

Stage Spermatids  Spermatozoa Spermatophore  

Visual Testes small and 

transparent or 

undetectable 

 Testes obvious and 

white 

Testes and vas 

deferens swollen & 

white 

 

  618 
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 619 

Table 5. Summary statistics and size at maturity (CW50 and CW95) for each sex and location for Cancer pagurus samples collected from north 620 

Atlantic waters between November 2014 and March 2015. n, number of crabs caught for each sex, from each location; Min, Mean and Max CW, 621 
the minimum, mean and maximum carapace width (mm); SP %, the percentage of females caught with sperm plugs present; SP CW, the size 622 
range of female crabs with sperm plugs present; Morphometric CW, the inflection point resulting from morphometric data (* is significant 623 

modelling of data); Smallest mature CW (mm) for each sex and location; CW50/95 the CW where either 50% or 95% of the sampled population 624 
was found to be mature; LCI, UCI, lower and upper bootstrap 95% confidence intervals (runs = 10 000). 625 

Country 

Location Sex n 

Min 

CW 

Mean 

CW 

Max 

CW 

SP 

% 

SP 

CW 

Morphometric 

CW 

Smallest 

mature 

CW LCI CW50 UCI LCI CW95 UCI 

ALL 

 

F 1130 66 121 182 13 83-149 

 

68 102 105 107 132 135 138 

Ireland Galway F 219 66 124 162 9 96-144 

 

79 113 117 122 134 139 145 

Isle of Man Isle of Man F 142 82 117 152 7 130-143 124 82 100 107 112 132 142 158 

Scotland Orkney F 217 79 115 150 12 83-148 

 

88 94 97 101 115 122 129 

Wales All Wales F 206 68 123 182 3 118-147 

 

68 96 103 108 123 130 137 

England Yorkshire F 165 80 122 153 2 116-133 

 

80 94 104 111 139 152 170 

Norway Hitra F 181 81 126 149 43 106-149 

 

100 106 109 111 114 118 121 

ALL 

 

M 676 30 116 220 

  

101 63 84 88 91 110 114 118 

Ireland Galway M 154 70 124 171 

  

95 96 102 106 110 114 124 131 

Isle of Man Isle of Man M 132 67 110 137 

  

101 67 70 85 92 98 106 113 

Scotland Orkney M 79 72 112 150 

  

118 80 87 92 97 100 114 125 

Wales All Wales M 229 30 118 220 

  

112 63 78 87 93 103 109 114 

England Yorkshire M 82 71 111 148 

   

71 9 59 79 91 112 128 

 626 

 627 
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Table 6. The significant estimated parameters, t-values and p-values for the preferred model 628 

describing the response variable, gonadosomatic index in mature male crabs with variables: 629 

country (England, Ireland, Scotland and Wales), body condition (C1 to C5) and black spot 630 

disease (absent / present). C, body condition.  631 

Parameters Estimate t-value Pr(>[t]) 

Intercept 0.749 7.997 0.000 

Ireland 0.478 3.805 0.000 

Condition 2 0.299 1.983 0.048 

Condition 5 0.705 1.905 0.058 

Blackspot 0.334 3.647 0.000 

Scotland:C2 -0.803 -3.288 0.001 

Wales:C2 -0.394 -2.142 0.033 

Wales:C4 0.841 2.608 0.010 

Scotland:C5 -1.514 -2.380 0.018 

 632 

  633 
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Figures 634 

 635 

Figure 1. Sampling locations for the Cancer pagurus size at maturity research conducted 636 

2014/2015. Samples were collected from 1. Hitra, Norway; 2. Orkney, Scotland; 3. 637 

Bridlington, England; 4. Isle of Man; 5. Wales*; 6. Galway Bay, Ireland. *Welsh crabs were 638 

collected from the following sites: Colwyn Bay, Isle of Anglesey, west Llŷn Peninsula, 639 

Cardigan, Fishguard and Solva.  640 

 641 
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 642 

Figure 2: Photographs of female and male Cancer pagurus gonads through the various 643 

maturity stages described in Table 4.  644 

 645 

 646 
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 647 

Figure 3. Length frequency histogram for all female and male Cancer pagurus sampled for 648 

the size at maturity study between late autumn (November) 2014 and winter (February) 2015.  649 

 650 
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 651 

Figure 4. Female Cancer pagurus morphometric data tested for an inflection point based on 652 

morphometric variance between iterative tests on linear models of abdomen widths. The inset 653 

number and the dotted vertical line is the value with the lowest mean standard error. The 654 

absence of a number shows that a straight line better described the data. Physiological 655 

maturity is indicated by either a cross (mature) or a circle (immature). 656 
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 657 

Figure 5. Male Cancer pagurus morphometric data tested for an inflection point based on 658 

morphometric variance between iterative tests on linear models of claw dimensions (claw 659 

height + claw depth + claw length). The inset number and the dotted vertical line is the value 660 

with the lowest mean standard error. Where R2 and p values are given, a straight line better 661 

described the data. Physiological maturity is indicated by either a cross (mature) or a circle 662 

(immature). 663 

 664 
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 665 

Figure 6. Box plot of the carapace width (mm) female (left) and male (right) Cancer pagurus 666 

assigned to each maturity stage for the size at maturity study between late autumn 667 

(November) 2014 and winter (February) 2015. Mature stage 1 = immature (no discernable 668 

gonadal development), stages 2-5 = physiologically mature.  669 
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 670 
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Figure 7: Maturity ogives for male and female Cancer pagurus caught in six locations 671 

between November 2014 and March 2015. The red horizontal line is the proportion of 50% 672 

physiologically mature and the number is CW50 (the size at which 50% of the crabs sampled 673 

were mature). Dotted lines are the 95% confidence intervals obtained by bootstrapping the 674 

modelled data (r=10,000). Asterix* highlights a predicted value given an incomplete ogive 675 

due to lack of data on immature sized crabs.  676 

 677 

 678 

 679 

Figure 8: The hepatosomatic index for each maturity stage for females (above, with five 680 

maturity stages) and males (below, with three maturity stages) presented separately for 681 

Scotland and Wales. N.B. Female stage 5 is a resting / recovery phase.  682 

 683 


