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Abstract 20 

Animals inhabiting hydrothermal vents and cold seeps face conditions that are challenging for 21 

survival. In particular these two habitats are characterized by chronic hypoxia, sometimes 22 

reaching complete anoxia. The characteristics of the scaphognathite and gills were studied in 23 

4 species of shrimp and 3 species of crabs from hydrothermal vents and cold seeps, in order to 24 

highlight potential adaptations that could enhance oxygen acquisition in comparison to 25 

shallow-water relatives. All the vent and seep species studied here exhibit significantly larger 26 

scaphognathites, likely allowing more water to flow over their gills per stroke of this 27 

appendage. This is probably more energetically efficient that prolonged hyperventilation. In 28 

contrast to annelids, vent and seep decapods usually do not possess enlarged gills, a 29 

phenomenon likely due to the physical limitations imposed by the size of the gill chamber. In 30 

the vent shrimp Rimicaris exoculata and the vent crab Bythograea thermydron, however, 31 

there is a significantly higher specific gill surface area linked to a higher number of lamellae 32 

per gram of gill. Again in contrast to annelids, the diffusion distance through the gills is not 33 

strikingly different between the vent shrimp Alvinocaris komaii and the shallow-water species 34 

Palaemon spp.. This may indicate that the epithelium and cuticle of the decapod gills are 35 

already optimized for oxygen uptake and that reducing the thickness of these compartments is 36 

not physically possible without affecting the physical integrity of the gills. 37 
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Introduction 45 

Decapod crustaceans have colonized many marine ecosystems including hydrothermal vents 46 

and cold seeps, respectively discovered in 1976 (Lonsdale et al. 1977) and in 1984 (Paull et 47 

al. 1984). With more than 125 species in 33 families, decapods are well-represented in these 48 

two environments (Martin and Haney 2005). Yet, these deep-sea habitats are inhospitable for 49 

metazoans because of their peculiar physical and chemical environmental conditions, and they 50 

represent serious challenges for essential physiological functions such as respiration. 51 

Although they are mobile, decapod crustaceans are exposed to harsh conditions similar to 52 

those experienced by the more sessile species such as tubeworms and mollusks. 53 

Hydrothermal vents are mainly characterized by the very hot (up to 350˚C), anoxic 54 

fluid, rich in carbon dioxide and sulfide, and laden with toxic chemicals and heavy metals 55 

(Edmond et al. 1982). Living in a chaotic mixing zone between the hydrothermal fluid and 56 

seawater, the fauna constantly experiences rapid shifts in temperature and changes in sulfide 57 

and carbon dioxide concentration (Childress and Fisher 1992). Oxygen partial pressure varies 58 

inversely with sulfide concentration and temperature, and can fluctuate widely, down to very 59 

low values. In addition, the high concentration of carbon dioxide (8 mM; Edmond et al. 1982) 60 

affects respiration, as it must be eliminated by diffusion through the exchange surfaces. 61 

Although more passive and less chaotic, hydrocarbon seeps also constitute a reduced 62 

environment. Sulfide slowly diffuses from the sediment to the ambient water and 63 

spontaneously reacts with the free oxygen. As a result, oxygen concentration decreases with 64 

proximity to the sediment (Kennicut et al. 1989), averaging 39 µM in a mussel bed, but it can 65 

be sometimes non-detectable (detection limit 10 µM; Smith et al. 2000). The temperature is 66 

very stable, with 8°C on average for the best-known sites in the Gulf of Mexico, in sharp 67 

contrast to the highly variable temperature at vents. 68 



In addition, sulfide, common in both habitats, is a metabolic poison that can affect the 69 

mitochondrial electron transfer chain and consequently disrupt aerobic metabolism 70 

(Grieshaber and Völkel 1998). Interestingly, despite all these combined constraints, oxygen 71 

consumption rates of invertebrates from such reduced environments are similar to the ones of 72 

relatives living at higher environmental oxygen tensions (Childress and Mickel 1985; 73 

Hourdez et al. 2002; Fisher et al. 2000). These invertebrates must therefore possess specific 74 

adaptations of the respiratory system to extract enough oxygen from the hypoxic environment 75 

to meet their metabolic requirements, and to avoid having to rely on anaerobic metabolism. In 76 

crustaceans, physiological regulation is possible at different levels. Very limited data are 77 

available on the respiratory adaptations of the deep-sea hydrothermal-vent and cold-seep 78 

crustaceans to understand how these organisms can survive -and thrive- in such harsh 79 

habitats.  80 

The first way to improve oxygen extraction from the environment is to increase 81 

ventilatory convection. In decapod crustaceans, the gills are ventilated by the rhythmic 82 

beating of the paddle-shaped scaphognathite, epipodites of the second maxillae, located in a 83 

narrow channel, just anterior to the branchial chambers (Borradaile et al. 1958). During a 84 

normal cycle, the downward movement of the scaphognathite creates a depression inside the 85 

branchial chamber, so water flows in through the limb bases, supplying oxygen to the 86 

chamber. The ventilation depends on both the frequency and the physical force of the 87 

scaphognathite beating. Hyperventilation, an increase in beating frequency, is a common 88 

behavior found in response to acute hypoxia (Taylor 1982). However, this immediate change 89 

represents only a short-term response as it ceases during chronic exposure, probably due to 90 

the high energetic costs (McMahon 2001). Ventilation can also be improved by increasing the 91 

stroke volume, a product of force of the scaphognathite beating. The mechanisms underlying 92 

this higher beating performance is still unclear. 93 



In crustaceans, the thickness, calcification and sclerotization of the general body surface 94 

all represent an effective limitation to the diffusion of gases. Diffusion can only occur across 95 

thin and uncalcified permeable areas such as the gills in the branchial chambers. Oxygen 96 

diffusion is directly proportional to gill surface area, and inversely proportional to diffusion 97 

distance (Fick's law). A study in several vent and seep annelid species revealed that they have 98 

larger gills and shorter diffusion distances compared to their littoral relatives (Jouin and Gaill 99 

1990; Hourdez et al. 2001; Hourdez and Lallier 2007).  To date, no studies have addressed 100 

similar adaptations in crustaceans inhabiting these deep-sea environments. 101 

This study investigated the respiratory anatomy in vent and seep decapod species to seek 102 

potential morphological adaptations that could enhance oxygen transfer efficiency. We 103 

focused on the first two levels of oxygen transfer. We measured scaphognathite surface area, 104 

gill surface area and diffusion distance in several crab and shrimp species, over a range of 105 

sizes for each species. We compared species that live at hydrothermal vents, cold seeps, and 106 

in the littoral zone as a reference. This allowed us to shed light on shared and on specific 107 

adaptations in species that live under chronic hypoxia. 108 

 109 

 110 

Material and methods 111 

 112 

Crustacean collections 113 

The deep-sea species were collected during various oceanographic cruises to hydrothermal 114 

and cold-seep sites with remotely operated vehicles (ROVs) or manned submersibles (see 115 

Table 1 for details). Shallow-water crabs and shrimp were collected near the marine 116 

laboratory in Roscoff, France. All specimens were fixed in 4% formaldehyde in filtered 117 

seawater for 24 h, rinsed in fresh water, and transferred to 70% ethanol until used. Before 118 



dissection for the measurements, each individual was rinsed in fresh water, and its wet body 119 

weight (g) measured after removing excess water. 120 

 121 

Scaphognathite surface area  122 

First, we removed the scaphognathites of the shrimp and crabs from one of the branchial 123 

chambers by cutting them at their base. Photographs of the two scaphognathite faces were 124 

taken through a binocular microscope, and then their surface was measured with the software 125 

Image J (version 1. 36 B, developed by Wayne Rasband, National Institutes of Health, USA). 126 

A known reference surface was photographed at the same magnification to convert 127 

scaphognathite pixel areas into mm2. We calculated the surface area of the scaphognathite 128 

only considering the chitinous paddle-shape area. The fine expansions of the scaphognathite 129 

(setae and setules) were not taken into account because their mechanical contribution to 130 

ventilation is probably small. The scaphognathite surface area, corresponding to the mean 131 

surface of the two faces (mm2), was determined for all shrimp and crab species. 132 

 133 

Gill surface area 134 

In crustacean decapods, the gills are located inside two symmetrical branchial chambers, 135 

enclosed by the branchiostegite, an expansion of the cephalothorax. In this study, all the 136 

species have phylobranchiate gills, the leaf-like lamellae being attached in two rows along the 137 

raphe.  First of all, for each species, we established a ratio between the surface area and the 138 

weight of a single gill (mm2 g-1). To do so, different anterior and posterior gills from several 139 

individuals were excised, dabbed on a filter paper to remove excess water, and weighed on a 140 

high-precision balance. Under a binocular microscope, we then divided each gill with a 141 

scalpel blade into uniform sections containing 5 to 20 equally-sized lamellae, and the number 142 

was recorded. For each section of gill, we took photos of the first and last pair of lamellae. 143 



Using the software Image J, we then calculated the surface area of each section by 144 

multiplying the mean areas of the first and last pair of lamellae by the number of lamellae in 145 

the section, and finally by doubling this result to take into account both faces of the lamellae. 146 

The surface areas of the different sections from the same gill, were obtained and added up to 147 

determine the total surface area of the whole gill. As a result, the ratio between the surface 148 

area and the weight of a single gill was obtained (mm2 mg-1). Once this relationship was 149 

established for each species, the total gill surface area for a shrimp or a crab could be 150 

determined by simply excising all the gills, carefully removing excess water, weighing them 151 

and converting this weight into a surface area in mm2 with the species-specific ratio 152 

calculated previously.  153 

 154 

Diffusion distance  155 

For this part of the study, we investigated the shrimp species Palaemon elegans, Palaemon 156 

serratus and Alvinocaris komaii. We preserved one anterior and one posterior gill from each 157 

individual in 4% glutaraldehyde in cacodylate buffer at 0.2 M, pH 7.4. The gills were then 158 

rinsed in 0.2 M sodium cacodylate buffer and post-fixed in 1% osmium. They were then 159 

dehydrated in a series of graded ethanol and finally embedded in Epon resin for 48 h at 60°C. 160 

Semithin (1 µm) and ultrathin (60 nm) sections were made with a LEICA UCT 161 

ultramicrotome. The semithin sections were stained with 1% toluidin blue and observed with 162 

a light microscope. The ultrathin sections were contrasted with 2% uranyl acetate in alcoholic 163 

solution and lead citrate before their observation on a JEOL JEM 1200EX transmission 164 

electron microscope. The molt stage was checked on the ultrathin sections, and all shrimp 165 

were at the C stage, corresponding to the intermolt or anecdysis (Drach et al. 1967). The 166 

diffusion distance, which corresponds to the combined thickness of the cuticle and the 167 

epithelium, was measured as the orthogonal distance between the surface of a gill and a 168 



hemolymphatic lacuna (where the distance appeared to be the shortest). This was carried out 169 

on several electron micrographs for each gill with the Image J software.  170 

 171 

Ventilatory behavior 172 

We used video recordings filmed by the ROV Jason II at the Kilo Moana (2650 m) and ABE 173 

(2140 m) hydrothermal sites in the Lau Back-Arc Basin to analyze the ventilatory behavior of 174 

Alvinocaris komaii. The scaphognathite was clearly visible inside the branchial chamber 175 

through the branchiostegite, so that we were able to measure the beating frequency of the 176 

scaphognathite (ventilation rate). To do so, we counted the number of scaphognathite beats 177 

over different 10-s periods for each individual, and the mean corresponds to the beat 178 

frequency (beat min-1) of a single individual. We carried this out on several individuals and at 179 

two different locations: among the mussels Bathymodiolus brevior (n=25), and among the 180 

gastropods Ifremeria nautilei (n=8), where the chemistry of the water is different. 181 

 182 

Statistical analysis 183 

To study the allometric relationship between two characters, all the variables were log10 184 

transformed (Teissier 1948). To compare the surface areas of the scaphognathite and the gills 185 

between the species, we used an analysis of covariance (ANCOVA, software R, version 2.6.1, 186 

Copyright © 2007. The R Foundation for Statistical Computing). We examined possible 187 

interactions between the factor “species” and the body weight, by testing the homogeneity of 188 

the slopes. If the slopes were parallel, we calculated the intercepts of the regression lines for 189 

each crab and shrimp species, which could reveal differences in the surface areas of the 190 

scaphognathite or gills. The diffusion distance values were first analyzed by a Normality Test 191 

(Shapiro-Wilk), and then by an analysis of variance (ANOVA) with the software Sigmaplot 192 

(version 11.0.1, Copyright © 2009 Systat Software Inc.). When the normality test failed (P < 193 



0.05), we carried out a Kruskal-Wallis one-way analysis of variance based on ranks. 194 

Comparison between species was possible via the Multiple Comparison Procedures (Holm-195 

Sidak method). With the same software, we used a T-test to compare the beating frequency 196 

means. 197 

 198 

Results 199 

 200 

Scaphognathite surface area 201 

Shrimp 202 

The surface area of the scaphognathite increases with body weight (Fig. 1A). For most 203 

species, the allometric coefficient (a), represented by the slopes of the linear regressions, 204 

ranged between 0.61 and 0.79, indicating that the scaphognathite of smaller individuals tends 205 

to have a higher specific surface area (per body weight unit, mm2 g-1), than larger individuals. 206 

However, this is not the case for Rimicaris exoculata, for which the specific surface area of 207 

the scaphognathite seems independent on the size (a = 1.05). 208 

The littoral shrimp Palaemon elegans and P. serratus have the same scaphognathite 209 

surface area (ANCOVA, P = 0.639).  Another group is formed by Alvinocaris muricola and 210 

A. komaii (P = 0.071). However, the small number of A. komaii, and the limited size range of 211 

that vent species make it difficult to truly compare the two Alvinocaris species. As for 212 

Lebbeus sp., only two individuals were sampled, and their scaphognathite surface area does 213 

not belong to either the expected distribution of A. komaii, or to that of the littoral species at a 214 

95% confidence interval. There is an overlap between R. exoculata and A. muricola for small 215 

individuals (about 0.15 g), indicating that these two species have a similar scaphognathite 216 

surface area in this size range. Nevertheless, due to the different allometric relationships, the 217 

scaphognathite surface areas in larger individuals markedly differ. When comparing shrimp of 218 



similar weight (e.g. 2.45 g, represented by the dotted line in Fig. 1A), the scaphognathite of 219 

the vent R. exoculata (57.5 mm2) is about 11 times larger than that of the littoral species (5.1 220 

mm2), 3 times larger than that of the seep A. muricola (19.6 mm2), and 4 times larger than the 221 

scaphognathite of the vent species A. komaii (14.5 mm2).  222 

 223 

Crabs 224 

The scaphognathite surface areas also increase with body weight, and the allometric 225 

coefficients range from 0.57 to 0.70 in the five crab species (Fig. 1B). The scaphognathite of 226 

smaller crabs therefore has a greater specific surface area (mm2 g-1) in all five species. The 227 

vent crab Bythograea thermydron has a significantly larger scaphognathite surface area (P = 228 

0.000) than the littoral species, Carcinus maenas and Xantho pilipes, and than the two other 229 

vent species Austinograea alaysae and Segonzacia mesatlantica. The two littoral species and 230 

A. alaysae have a comparable scaphognathite surface area (P > 0.100).  When comparing 231 

crabs of similar weight (e.g. 14 g, represented by the dotted line in Fig. 1B), the 232 

scaphognathite from B. thermydron (41.9 mm2) is twice as large as the one from A. alaysae 233 

(25 mm2), C. maenas (21.2 mm2) and X. pilipes (23 mm2). If we extrapolate the correlation to 234 

this weight for S. mesatlantica, this species has almost the same scaphognathite surface area 235 

(37.3 mm2) as B. thermydron.  236 

 237 

Gill surface area 238 

Shrimp 239 

The littoral shrimp species, Palaemon elegans and P. serratus, each have 8 pairs of gills (5 240 

pleurobranchs, 2 arthrobranchs and 1 podobranch). Alvinocaris muricola, A. komai, and 241 

Rimicaris exoculata all bear 10 pairs of gills (5 pleurobranchs and 5 arthrobranchs) whereas 242 

Lebbeus sp. only has 5 pairs (all pleurobranchs). Several different gills, dissected from two P. 243 



elegans (n=4 gills), two P. serratus (n=4 gills), three A. muricola (n=7 gills) and one A. 244 

komaii (n=2 gills), have similar surface area/weight ratios, regardless of the type of gill and 245 

the species (ratios ranging from 37.6 to 44.9 mm2 g-1). The mean of these ratios, 41.0 ± 3.0 246 

mm2 g-1 of gill (n=17), was used for calculating the gill surface area in these four species. 247 

Higher ratios were found for R. exoculata, (63.7 ± 3.0 mm2 g-1; n=4 gills), and Lebbeus sp. 248 

(57.5 ± 9.1 mm2 g-1; n=5 gills), and were consequently used for their respective species.  249 

In Palaemon spp., A. muricola, A. komaii, and R. exoculata, gill surface areas increase 250 

with body weight (Fig. 2A). The allometry coefficients, ranging from 0.92 to 1.17 indicate 251 

that the specific gill surface area remains relatively constant throughout growth in these 252 

shrimp. Rimicaris exoculata clearly has a larger gill surface area (P = 0.000) than the other 253 

species. For shrimps of 2 g wet weight (dotted line in Fig. 2A), the gill surface area of R. 254 

exoculata is nearly twice that of the other species. This increase correlates with a higher 255 

number of lamellae per milligram of gill. The gills of R. exoculata have roughly twice as 256 

many lamellae (82 lamellae mg-1) as A. muricola and A. komaii, which have 44 lamellae.mg-1. 257 

Although the ANCOVA indicates that P. elegans has a larger gill surface area (P = 0.000) 258 

than A. muricola and P. serratus, and a similar one to that of A. komaii (P = 0.400), all these 259 

species seem to form a single group, distinctly different from R. exoculata.  260 

 261 

Crabs 262 

Bythograea thermydron, Austinograea alayseae, Carcinus maenas, Xantho pilipes and 263 

Segonzacia mesatlantica all have nine pairs of phyllobranchiate gills. The surface area/weight 264 

ratios for gills from several individuals are different for each species: X. pilipes 33.7 ± 3.6 265 

mm2 g-1 (n = 8 gills), C. maenas, 24.8 ± 3.2 mm2 g-1 (n = 4 gills), A. alayseae 128.1 ± 33.6 266 

mm2 g-1 (n = 4 gills), B. thermydron 74.2 ± 12.2 mm2 g-1 (n = 4 gills), and S. mesatlantica 67 267 

± 18.7 mm2 g-1 (n = 4 gills). 268 



The allometric relationship between the surface area and the body weight is similar in 269 

all crabs, ranging from 0.88 to 1.10 (Fig. 2B). The crab B. thermydron clearly has a higher 270 

specific gill surface area than the other species (P = 0.000). There are nearly twice as many 271 

lamellae per unit gill weight in B. thermydron (28 lamellae mg-1) compared with C. maenas 272 

(10.5 lamellae mg-1) and X. pilipes (13 lamellae.mg-1). The Mid-Atlantic Ridge vent species S. 273 

mesatlantica has a ratio of 23.6 lamellae mg-1, although this does not translate into a markedly 274 

increased gill surface area. Xantho pilipes and A. alaysae form a group (P = 0.270), and have 275 

a smaller gill surface area than C. maenas (P = 0.044 and P = 0.015, respectively). Although 276 

the difference is not great, the gill surface areas of S. mesatlantica and  277 

C. maenas are significantly different (P = 0.015). 278 

 279 

Diffusion distance 280 

The gill structure of Palaemon elegans, Palaemon serratus and Alvinocaris komaii was 281 

compared, with an emphasis on the proximal zone. The branchial lamellae of these shrimp 282 

have a similar structure, with a hemocoelic space, enclosed by an epithelium and a cuticle 283 

(Fig. 3). The axial tissue zone is formed by H-shaped epithelial cells, which spread their thin 284 

lateral expansions beneath the cuticle. We measured the thickness of the epithelium and the 285 

cuticle, which form the barrier between the water and the hemolymph. The epithelium 286 

thickness is similar for all the species, for both anterior and posterior gills, with a mean 287 

ranging from 0.41 to 0.54 µm (Fig. 4C, P = 0.217). Differences in the overall diffusion 288 

distance could then only be due to the thickness of the cuticle. In the littoral shrimp P. elegans 289 

and P. serratus, the cuticle is thinner in the posterior gills than that in the anterior ones (Fig. 290 

4B, P < 0.001), while the cuticle thickness remains constant for the vent species A. komaii 291 

(Fig. 4B, P = 0.224). As a result, in the littoral shrimp, the posterior gills have a significantly 292 

shorter diffusion distance than the anterior ones (Fig. 4A, P < 0.001), while in A. komaii the 293 



diffusion distance is the same regardless of the position of the gill (Fig. 4A, P = 0.102). The 294 

diffusion distance of the latter species is comparable to the posterior gills but shorter than the 295 

anterior gills of the littoral species P. serratus and P. elegans.  296 

 297 

Ventilatory behavior 298 

The vent shrimp Alvinocaris komaii were mainly found among the mussels Bathymodiolus. 299 

brevior (n=25), but a few were observed among the gastropods Ifremeria nautilei (n=8), 300 

where the temperature usually is higher and the oxygen concentration lower (Podowski et al. 301 

submitted). The scaphognathite beating frequency was higher (P = 0.033) among gastropods 302 

than among mussels (Fig. 5). In addition, the ventilatory activity showed great variability in 303 

shrimp living among mussels, ranging from 30 to 156 beat min-1 (represented by the box plot 304 

extremes), whereas when among gastropods, the scaphognathite always had a high beating 305 

frequency (144 to 168 beats min-1). 306 

 307 

 308 

Discussion 309 

This study examined potential morphological adaptations to chronic hypoxia in decapods by 310 

comparing hydrothermal-vent and cold-seep species of crabs and shrimp to intertidal 311 

relatives.  312 

Under hypoxia, the oxygen-depleted water must be renewed very rapidly inside the 313 

branchial chambers to maintain an optimal difference of oxygen partial pressure between the 314 

two sides of the diffusion barrier (i.e. the environment and the hemolymph in the lacunae). 315 

During such acute hypoxic exposures, there usually is hyperventilation, a higher beating 316 

frequency of the scaphognathite (Taylor 1982). This increases the volume of water flowing 317 

through the branchial chambers, and thus improves oxygen supply (McMahon and Wilkens 318 



1975; Burggren and McMahon 1983). However, as the scaphognathite muscles in decapod 319 

crustaceans are highly aerobic (Wilkens et al. 1984), hyperventilation itself increases the 320 

oxygen demand. As a consequence, this high pumping activity does not last long under 321 

chronic hypoxia (McMahon 2001), and the organism must rely on other compensatory 322 

mechanisms. Two earlier studies (Cumberlidge and Uglow 1977; Pilkington and Simmers 323 

1973) showed that the ventilation volume can be modulated, not only through changes in 324 

scaphognathite beating rate, but also through variations in the force per scaphognathite stroke. 325 

In Carcinus maenas, Cumberlidge and Uglow (1977) found that the performance of 326 

the scaphognathite decreases throughout growth: smaller crabs pump proportionally more 327 

water per scaphognathite stroke than larger crabs do. Our morphological investigation on the 328 

scaphognathite revealed that smaller individuals clearly have a proportionately bigger 329 

scaphognathite than larger ones, in all crab and all but one shrimp species (Rimicaris 330 

exoculata). Thus, the better performance in smaller crabs observed by Cumberlidge and 331 

Uglow may be explained by the comparatively larger surface area in younger specimens that 332 

allows them to move more water per stroke. Interestingly, the allometric growth of the 333 

scaphognathite (a ≈ 0.75) parallels the typical allometric relationship of metabolic oxygen 334 

demand (Schmidt-Nielsen 1984). A larger scaphognathite would thus be advantageous for 335 

smaller crab and shrimp individuals because it would improve the ventilation volume over 336 

their gills per stroke, thus meeting their higher metabolic requirements. Rimicaris exoculata is 337 

a noticeable exception to this, with a specific scaphognathite surface area that remains 338 

relatively constant regardless of the size of the shrimp. This may be related to the unique 339 

biology of this shrimp that lives in symbiosis with bacteria that mainly grow on the 340 

branchiostegite inside the gill chamber, and on the scaphognathite (Van Dover et al. 1988). 341 

This gill chamber increases in size as the shrimp grows and accommodates more symbiotic 342 

bacteria.  343 



In addition to these allometric differences within species, we observed between-344 

species differences. The scaphognathites of crab and shrimp species that inhabit hydrothermal 345 

vents and cold seeps clearly have a larger surface area when compared to the littoral species 346 

for a similar wet weight. Moving a larger scaphognathite undoubtedly requires more strength 347 

but the elasticity and whip-like motion of this appendage suggest that this higher energy does 348 

not scale linearly with the surface area of the scaphognathite. These deep-sea species most 349 

likely have an improved effectiveness of scaphognathite beating and, as a consequence, a 350 

better ventilation capacity than the littoral species. Hydrothermal-vent and cold-seep species 351 

nonetheless retain their ability to adjust ventilation rate, as observed for the shrimp 352 

Alvinocaris komaii found among the mussels (Bathymodiolus brevior) and gastropods 353 

(Ifremeria nautilei). These two species live in environments that differ in oxygen partial 354 

pressure, which likely influences the ventilation rate. This rate can also be influenced by 355 

temperature, which affects the metabolic rate, and therefore the oxygen requirements.  356 

Diffusion of gases through gills depends on two limiting factors: the gill surface area 357 

and the diffusion distance. There usually is a separation of respiratory and ion transport 358 

functions in the gills of many aquatic crustaceans, with the anterior gills mainly involved in 359 

respiratory gas exchange, and the posterior gills being specialized for ion transport, where the 360 

respiratory lamellae are relatively thick (Copeland and Fitzjarrell 1968; Aldridge and 361 

Cameron 1979; Neufeld et al. 1980; Henry and Cameron 1982). In littoral and vent shrimp, 362 

we observed that the diffusion distance varies depending solely on cuticle thickness, and not 363 

on that of the epithelium (which has the same thickness regardless of the species or gill type). 364 

Unexpectedly, in Palaemon elegans and Palaemon serratus, the posterior gills have a thinner 365 

cuticle, and thus a shorter diffusion distance than the anterior ones.  In contrast, the diffusion 366 

distance in the vent A. komaii is the same in anterior and posterior gills. The diffusion barrier 367 

measured in A. komaii is smaller than that found in the lophogastrid shrimp, Gnathophausia 368 



ingens (1.1 vs. 1.5 - 2.5 µm for the latter species) that lives in the minimum oxygen layer 369 

(Belman and Childress 1976), and in Rimicaris exoculata (2.8 - 3 µm; Martinez et al. 2004). 370 

This greater diffusion distance in R. exoculata is explained by a thicker epithelium, as the 371 

cuticle thickness (0.3 - 0.5 µm) is comparable to that of A. komaii (0.3 - 0.8 µm). There are 372 

unfortunately no data for vent and seep species of crabs. 373 

The observed difference between the vent and non-vent species of shrimp is small in 374 

comparison to what occurs in annelids, where the diffusion distance in hydrothermal-vent and 375 

cold-seep species may be only half of that in their littoral relatives (Hourdez et al. 2001). This 376 

large difference is mainly because in annelids, shorter diffusion distances are achieved by the 377 

development of intraepidermal vascular loops (see Hourdez and Lallier 2007) while in 378 

decapods the distance is already short, with a thin epithelium and cuticle. In addition, the 379 

cuticle has to maintain the structural and functional integrity of the gills in a rapid flow of 380 

water, thereby imposing a lower limit on cuticle thickness. The slight diffusion distance 381 

differences between the littoral and vent species are not sufficient to represent a true 382 

respiratory adaptation, especially considering the limited number of individuals studied, and 383 

biases could have resulted from possible slight variations in the section angle.  384 

Various studies on crabs found some variations in gill surface areas in relation to 385 

lifestyle in littoral species of decapods (Gray 1957; Johnson and Rees 1988). Our work shows 386 

that two of the vent species, R. exoculata and Bythograea thermydron, clearly have a greater 387 

gill surface area than the other species do. This trend was also observed in several cold-seep 388 

and hydrothermal-vent polychaetes (reviewed by Hourdez and Lallier 2007). In the shrimp 389 

and crab species studied here, the increase of gill surface area is due to a larger number of 390 

lamellae per mass of gill (ca. twofold, as also reported by Gray (1957), and Johnson and Rees 391 

(1988) for littoral crabs. The higher gill surface area, the oxygen uptake from the environment 392 

in R. exoculata and B. thermydron is consequently enhanced (assuming the diffusion distance 393 



remains similar, as we found for the shrimp). This morphological adaptation was however not 394 

observed in all the vent species. This can be explained by the fact that the shrimp A. komaii 395 

and Lebbeus sp. are usually found in somewhat colder niches, where hypoxia should be less 396 

pronounced. R. exoculata and B. thermydron on the other hand are commonly found along the 397 

chimney-walls close to the hot and anoxic hydrothermal fluid, or inside Riftia thickets for the 398 

crab (Segonzac 1992; Gebruk et al. 1993), where access to oxygenated deep-sea water is 399 

likely more limited than for the other species of crabs. 400 

The surface areas measured in R. exoculata and B. thermydron are similar to those 401 

measured in fish with high metabolic activities (Wegner et al. 2009). Their metabolic 402 

activities are however very similar to their shallow-water relatives. The oxygen uptake per 403 

unit area of gills (VO2/SGA) differs markedly between the shallow-water species on one 404 

hand, and R. exoculata and B. thermydron on the other hand. Shallow-water species have a 405 

high flux per unit area, which fits with the large O2 gradients they experience, whereas the 406 

two vent species are characterized by large gills that are not meant to support high fluxes per 407 

se, but modest fluxes at very small oxygen gradients. This is similar to what was observed in 408 

Gnathophausia ingens (Belman and Childress 1976). 409 

In contrast to annelids, the gills of decapods are enclosed in a chamber, necessarily 410 

limiting the possible development of gills. This probably represents a physical limit to 411 

developing larger gills in decapods, with the noticeable exception of R. exoculata that has 412 

enlarged gill chambers containing epibiotic bacteria. There may also be physiological 413 

constraints to developing larger gills. The environment in which these species live is not only 414 

hypoxic but also laden with toxic compounds and heavy metals (which could also then be 415 

taken up in larger amounts). Besides, crustacean gills have been shown to be the organ in 416 

which accumulation of some toxics, such as cadmium (Papathanassiou and King 1983; 417 

Soegianto et al. 1999), and even sulfide (Compère et al. 2002), can occur.  418 



In the particular case of R. exculata, it is hard to evaluate whether the increase in 419 

scaphognathite and gill surface areas are truly respiratory adaptations or simply due to its 420 

bacterial epibiosis relationship, which develops on different parts of the branchial chamber 421 

(Van Dover et al. 1988; Casanova et al. 1993; Gebruk et al. 1993; Segonzac et al. 1993). No 422 

epibiont grows on gill lamellae, keeping the exchange surface free, but the inner faces of the 423 

branchiostegites and the scaphognathites bear long bacteriophore setae (Zbinden et al. 2004). 424 

The latter have likely expanded to host and/or compensate for the presence of the epibiont 425 

community, which may affect gill ventilation.  With an improved ventilatory convection and 426 

oxygen diffusion, R. exoculata has a better tolerance to the warmer and more hypoxic 427 

conditions around the chimneys, and thus, as a host, this species can come close to the 428 

sulfide-containing fluid in order to fuel its epibionts.  429 

The gills may not represent the only respiratory surface in the organisms studied here. 430 

Additional respiratory structures, such as the branchiostegite, were found in some littoral 431 

crabs, acting as lungs (Henry 1994). Supplementary studies would be interesting to carry out 432 

in order to find out if this occurs in hydrothermal vent and cold seep crustaceans.  433 

Finally, this study focused on the first two levels in the oxygen transfer system. Once 434 

past the branchial epithelium, the oxygen is reversibly bound by hemocyanins. Earlier studies 435 

of the functional properties of these hemocyanins in various vent species revealed that they 436 

possess a very high affinity for oxygen, binding it even when the environmental concentration 437 

is low (reviewed by Hourdez and Lallier 2007). This property also favors the inward flow of 438 

oxygen as the resulting amount of free oxygen remains low and the difference of partial 439 

pressure is maximized. These hemocyanins are also characterized by a pronounced Bohr 440 

effect (decreased affinity for oxygen at lower pH), allowing the release of oxygen near 441 

metabolically active tissues. Interestingly, hemocyanins from hydrothermal vent species 442 

studied to date are insensitive to temperature variations within the physiological range of pH 443 



and temperature. This may also represent an adaptation in the highly variable vent 444 

environment. 445 
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Table 1: Collection information for the specimens used in the present study. 630 
Species Ecosystem Collection site Coordinates Coll. year Depth (m) n 
Shrimp   Latitude Longitude    
Alvinocaris komaii  Hydrothermal vents Kilo Moana (LBAB) 20°03.34’ S 176°08.55’ W 2006 2650 35 
Alvinocaris muricola  Cold seeps AC818 (GoM) 26˚10.87’ N 94˚37.35’ W 2006 2750 6 
Lebbeus sp.  Hydrothermal vents ABE (LBAB) 20°45.65’ S 176°11.45’ W 2006 2140 2 
Palaemon elegans Littoral Roscoff 48°43.22’ N 3°59.25’ W 2007 0 47 
Palaemon serratus Littoral Roscoff 48°43.22’ N 3°59.25’ W 2007 0 54 
Rimicaris exoculata Hydrothermal vents Logatchev (MAR) 14˚45.18’ N 44˚58.75’ W 2007 3000 30 
Crabs           
Austinograea alaysae  Hydrothermal vents ABE site (LBAB) 20°45.65’ S 176°11.45’ W 2006 2140 6 
Bythograea thermydron   Hydrothermal vents Tica (EPR) 9˚50.41’ N 104˚17.50’ W 2001 2500 17 
Carcinus maenas  Littoral Roscoff 48°43.22’ N 3°59.25’ W 2007 0 23 
Segonzacia mesatlantica  Hydrothermal vents Logatchev (MAR) 14˚45.18’ N 44˚58.75’ W 2009 3000 21 
Xantho pilipes  Littoral Roscoff 48°43.22’ N 3°59.25’ W 2007 0 22 

EPR: East Pacific Rise; GoM: Gulf of Mexico; LBAB: Lau Back-Arc Basin; MAR: Mid-Atlantic Ridge. 631 
 632 
 633 
 634 

635 



 635 
Table 2: Oxygen consumption rates, gill surface areas, and oxygen flow rates in species for 636 
which metabolic rates were available.  637 
Species M O2 

(µmole O2 g-1 h-1) a 
Gill Surface Area 
(cm2 g-1) b 

Ratio M O2/GSA 
(nmole O2 cm-2 h-1) 

Crabs    
Bythograea thermydron 1.79c 13.1 137 
Carcinus maenas 1.29d 

3.10e 
5.7 226 

544 
Shrimp    
Rimicaris exoculata 5.44f 17.5 311 
Palaemon elegans 5.90g 6.2 952 
Palaemon serratus 3.59h 4.4 815 
a Wet weight, measurements at 15˚C; b All data this study, calculated for a 10-g specimen for 638 
crabs and a 1-g specimen for shrimp; c Childress and Mickel 1985; d Taylor 1976; e Taylor 639 
and Butler 1978; f Ravaux et al. 2003; g Dalla Via 1985; h Decelle, unpub. Data. 640 
 641 
 642 

643 



 643 
 644 
Figure legends 645 

Fig. 1 Bilogarithmic representation of scaphognathite surface area as a function of body 646 

weight (W), in shrimp (A) and crab species (B).  647 

Dotted lines: scaphognathite surface areas in specimens of a given body weight for 648 

comparison (2.45 g and 14 g for the shrimp (A) and crabs (B), respectively). 649 

Regression lines equations: log(Area)=log(a) + b log(W), where a is the allometry coefficient 650 

and b a constant. A. R. exoculata (y = 1.050x + 1.433; R2=0.928), A. komaii (y = 0.792x + 651 

0.812; R2=0.959), P. serratus (y = 0.612x + 0.405; R2=0.968), P. elegans (y = 0.708x + 652 

0.423; R2=0.942), A. muricola (y = 0.766x + 1.057; R2=0.910). B. B. thermydron (y = 0.573x 653 

+ 0.984; R2=0.9845), A. alaysae (y = 0.597x + 0.730; R2=0.938), X. pilipes (y = 0.601x + 654 

0.597; R2=0.979), C. maenas (y = 0.645x + 0.564; R2=0.994), S. mesatlantica (y = 0.700x + 655 

0.764; R2=0.984) 656 

 657 

Fig. 2 Bilogarithmic representation of gill surface area as a function of body weight, in shrimp 658 

(A) and crab species (B).  659 

Dotted line in (A): gill surface areas for shrimp of similar body weight (2 g) 660 

Regression lines equations: log(Area)=log(a) + b log(W), where a is the allometry coefficient 661 

and b a constant. A: R. exoculata (y = 0.932x + 1.242; R2=0.952), A. komaii (y = 0.922x + 662 

0.892; R2=0.945), P. serratus (y = 1.132x + 0.641; R2=0.962), P. elegans (y = 1.049x + 663 

0.790; R2=0.898), A. muricola (y = 1.061x + 0.688; R2=0.949). B: B. thermydron (y = 0.940x 664 

+ 1.177; R2=0.975), A. alaysae (y = 1.108x + 0.443; R2=0.945), X. pilipes (y = 0.876x + 665 

0.678; R2=0.985), C. maenas (y = 0.994x + 0.767; R2=0.986), S. mesatlantica (y = 0.968x + 666 

0.841; R2=0.965) 667 

 668 



Fig. 3 Transmission electron micrographs of cross sections through gill lamellae. A. Anterior 669 

gill from Palaemon elegans. B. Anterior gill from Alvinocaris komaii. C: cuticle; EP: 670 

epithelium; LH: lacuna containing the hemolymph; N: Nucleus 671 

 672 

Fig. 4 Total diffusion distance (A), cuticle thickness (B) and epithelium thickness (C) of 673 

anterior and posterior gills from the littoral shrimp P. elegans and P. serratus, and the vent 674 

shrimp A. komaii.  Error bars: SD, number of observations indicated above. Significance 675 

determined at P < 0.001 level with the Holm-Sidak method 676 

 677 

Fig. 5 Boxplot representation of beating frequencies measured in situ for Alvinocaris komaii 678 

among mussels Bathymodiolus brevior, and among snails Ifremeria nautilei. Difference 679 

statistically significant (P <0.001) 680 
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