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ABSTRACT 25 

Respiration and ammonia excretion data and chemical composition data [water content, 26 

ash, carbon (C), nitrogen (N) and C:N ratios] of 18–32 amphipods (hyperiids and 27 

gammarids) from the epipelagic through bathypelagic zones of the world’s oceans were 28 

compiled. The independent variables including body mass, habitat temperature and 29 

mid-sampling depth were all significant predictors of respiration, accounting for 30 

65–83% of the variance in the data, while the former two variables were significant 31 

predictor of ammonia excretion, accounting 64–77% of the variance. Atomic O:N ratios 32 

(respiration : ammonia excretion) ranged from 11 to 74 (median: 21.5). C composition 33 

was negatively correlated with habitat temperature, but water contents ash, N and the 34 

C:N ratio were uncorrelated with the three independent variables. As judged by C:N 35 

ratios, protein was considered to be the major organic component of most pelagic 36 

amphipods. However, some amphipods from > 500 m depth exhibited high C:N ratios 37 

(> 10) suggesting a large deposition of lipids in the body.  38 

 39 
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1 Introduction 49 

Amphipods are a common component of marine zooplankton communities 50 

throughout the world, though their contribution to the zooplankton biomass is usually 51 

low (Longhurst 1985). There are two suborders (Hyperiidea and Gammaridea) of 52 

pelagic amphipods; species in the former are exclusively pelagic (often associated with 53 

gelatinous zooplankton as commensals, parasites or predators), and the latter contains 54 

benthic and bentho-pelagic species, with a few pelagic forms (Vinogradov 1968; Laval 55 

1980; Raymont 1983). Pelagic hyperiids (such as genus Themisto) are numerous in the 56 

upper layers of higher latitude seas (Shih 1982), whereas pelagic gammarids are largely 57 

inhabitants of the deep-sea (Vinogradov 1968). Both are primarily considered to be 58 

carnivores (Sheader and Evans 1975; Hopkins 1985; Pakhomov and Perissinotto 1996; 59 

Haro-Garay 2004).  60 

The importance of pelagic amphipods, however, has long been overlooked in the 61 

study of energy flow and matter cycling in pelagic marine ecosystems. This is partly due 62 

to their low contributions to the total zooplankton biomass, usually less than 0.5% (cf. 63 

Longhurst 1985). However, recent studies suggest that amphipod populations (mostly 64 

Themisto spp.) exert significant predation pressure (30–70%) on secondary production 65 

in the waters around South Georgia in the southern Ocean (Pakhomov and Perrissinotto 66 

1996) and in the southern Japan Sea (Ikeda and Shiga 1999). In the pelagic zone of the 67 

Kerguelen waters, in the southern Indian Ocean, Themisto gaudichaudii have been 68 

reported to have an integral role in zooplankton-seabird couplings (Bocher et al. 2001). 69 

In the central Strait of Georgia, Canada, Themisto pacifica and Cyphocaris challengeri 70 

predominated the zooplankton communities as a possible consequence of the 1997 El 71 

Nino, and they appear to be important prey of juvenile salmon (Haro-Garay 2008).  72 
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Information about metabolism [respiration rates, ammonia excretion rates, O:N 73 

(as NH4-N) ratios] has proved to be useful to provide a wide perspective for 74 

understanding the energy demand, major metabolic substrates and nutritional condition 75 

of marine zooplankton (cf. Ikeda et al. 2000). Metabolic rates of zooplankton living in 76 

the epipelagic zones have been documented as a function of body mass and habitat 77 

temperature (Ivleva 1980; Ikeda 1985). Although body mass and temperature have been 78 

regarded as two major determinants of the metabolic characteristics of marine pelagic 79 

animals, habitat depth has also emerged as an additional parameter of importance since 80 

the observation that metabolic rates decrease rapidly with depth for large pelagic 81 

animals with developed visual perception systems (eyes) such as micronektonic fishes, 82 

crustaceans, and cephalopods (Childress 1995; Seibel and Drazen 2007). To date, the 83 

effect of habitat depth on respiration rates and O:N ratios of amphipods has been 84 

analyzed within “crustaceans” group, together with mysids, decapods and other 85 

crustacean taxa (Childress 1975; Quetin et al.1980; Ikeda 1988; Torres et al. 1994), and 86 

no analyses have attempted for amphipods as a taxon.  87 

Comparing carbon (C) and nitrogen (N) composition of diverse zooplankton taxa 88 

from tropical, subtropical, temperate and subarctic waters, Ikeda (1974) noted a general 89 

increase in C composition toward higher latitude seas. Båmstedt (1986) compiled 90 

voluminous data on the chemical composition (proximate composition and elemental C 91 

and N) of pelagic copepods from high, intermediate and low latitude seas and from 92 

surface and deep, and confirmed higher C and lower N composition for those living in 93 

lower temperature habitats (= high latitude seas and deep waters). Higher C and lower N 94 

composition of zooplankton living in high latitude seas have been interpreted as 95 

resulting from an accumulation of energy reserves (lipids) to compensate for unstable 96 
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food supply. According to a recent study on pelagic copepods from the surface to 5000 97 

m depth in the subarctic Pacific where the vertical change in temperature is less 98 

pronounced, the chemical composition of deeper living copepods is characterized by 99 

stable C composition but low N composition, possibly because of reduced musculature 100 

reduced swimming activities in dark environments (Ikeda et al. 2006a). For pelagic 101 

amphipods, analysis of the data to reveal global and bathymetric trends has not yet been 102 

attempted. 103 

In order to evaluate global-bathymetric patterns of metabolism and chemical 104 

composition of amphipods I compiled published data of respiration, ammonia excretion, 105 

O:N ratio, water content, ash, C, N and C:N ratio of amphipods from various 106 

bathymetric levels of polar, temperate and tropical/subtropical seas, and significant 107 

parameters attributing to the variance were explored. Body mass, habitat temperature, 108 

sampling depth and ambient oxygen saturation have been used as determinants of 109 

metabolic rates as in the global-bathymetic model for pelagic copepods and 110 

chaetognaths (Ikeda et al. 2007; Ikeda and Takahashi 2012). Finally, the present results 111 

are compared with those of copepods and chaetognaths to highlight any unique 112 

global-bathymetric features of pelagic amphipods. 113 

 114 

2 Materials and methods 115 

2.1 The data compilation 116 

As indices of metabolism, respiration rates represent total metabolism, and 117 

ammonia excretion rates represent nitrogen metabolism. Presently available respiration 118 

and ammonia excretion data for pelagic amphipods are those derived from the sealed 119 

chamber method, in which specimens are confined in containers filled with filtered 120 
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seawater for a certain period and the decrease of oxygen or increase in ammonia during 121 

the period (several hours to a day) is monitored throughout, or determined at the end of 122 

the incubation (Ikeda et al. 2000). Laval (1980) suggested the sealed chamber method 123 

overestimated metabolism of hyperiid amphipods because of the lack of a gelatinous 124 

substratum for the animals to attach to during the experiment. The magnitude of 125 

possible error due to methodological constraints is discussed in Discussion section. For 126 

the present analyses, the data compiled were those which met the following criteria: 127 

1. Data are on fresh specimens collected from the field and used for experiments 128 

without a considerable time delay (< 24 h). 129 

2. Measurements were made in the absence of food at near in situ temperatures in the 130 

dark [and at normal pressure (1 atm) for deep-sea amphipods on the premise that the 131 

hydrostatic pressure has minimal effect on the metabolic rates of deep-sea pelagic 132 

crustaceans, cf. review of Ikeda et al. (2000)]. This practice, combined with the criterion 133 

above, makes it possible to compare the data of various amphipods for which 134 

information about feeding conditions in the field prior to the experiments is not 135 

available. 136 

3. O:N ratios were computed from simultaneous measurements of respiration rates and 137 

ammonia excretion rates. 138 

4. Body mass in terms of wet mass (WM), dry mass (DM), C or N units were given 139 

together with metabolic data (note: body mass specific rates without body mass data are 140 

not useful). 141 

5. Body composition (water contents, ash, C and N) were derived with standard 142 

methods (Omori and Ikeda 1984; Postel et al. 2000).  143 

In cases where multiple literature sources (including those of my own) were 144 
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available on the same species from similar regions, preference was given to mine to 145 

reduce possible between-workers bias in the data. As a result, a total of 41 data sets on 146 

32 amphipods (21 hyperiids and 11 gammarids) were selected, amongst which 22 were 147 

of simultaneous measurements of respiration and ammonia excretion rates, 18 were of 148 

respiration rates only, and 1 was ammonia excretion rates only (Table 1). Of the 32 149 

amphipods used metabolic measurements, 17–18 data sets of water content and ash 150 

were available on 18 amphipods, and 36 data sets of C and N composition and C:N 151 

ratios on 28 amphipods (Table 2). Both genus and species names in the literatures were 152 

updated according to Vinogradov et al (1982) and Schneppenheim and 153 

Weigmann-Haass (1986). Amongst the gammarids, Eusirus spp. were difficult to judge 154 

whether they were pelagic or non-pelagic (sympagic), but have been considered as 155 

primarily pelagic after Krapp et al. (2008). The same amphipod species from different 156 

locations or studies were treated as independent data sets, though mere repetition of the 157 

data on the same amphipods was avoided carefully. The data expressed in the form of 158 

regression equations only were converted to the respiration rates of a specimen at 159 

mid-range of body mass. Study sites of all amphipods are plotted on the world map (Fig. 160 

1) to facilitate graphical perception of worldwide coverage of the data sets in the present 161 

study.  162 

 163 

2.2 Regression models for metabolism 164 

In addition to the 2 conventional independent variables (X1: body mass; and X2: 165 

habitat temperature) used in the previous global respiration model for marine epipelagic 166 

crustaceans (Ivleva 1980; Ikeda 1985), 2 new independent variables (X3: mid-sampling 167 
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depth, X4: oxygen saturation) were introduced in an early stage of the present analyses. 168 

X1 was expressed as DM, C or N since the choice of the body mass unit is known to 169 

cause somewhat different results (Ivleva 1980; Ikeda 1985). X4 was expressed as a 170 

fraction of saturation (full saturation = 1.00). Missing oxygen saturation and/or habitat 171 

temperature data were substituted by those in the World Ocean Atlas of the National 172 

Oceanography Data Center (NODC) Homepage by knowing location, season and depth. 173 

Preliminary analyses indicated high correlation between X3 and X4 (R = –0.797, df = 39, 174 

p < 0.01) therefore the latter was omitted in the following analyses to avoid errors due 175 

to multicollinearity. For the species on which C and/or N composition data are not 176 

reported, the missing values were substituted by those of the same species studied by 177 

the other workers, or grand mean values of those of the same genera of the present study 178 

were used.  179 

Two regression models were adopted according to the mathematical form of the 180 

temperature and body mass effects. One was a theoretical model characterized by the 181 

Arrhenius relationship (R = R0M3/4e–Ea/kT or E = E0M3/4e–Ea/kT, where R (μlO2 ind.–1 h–1) 182 

is respiration rate, E (μgNH4-N ind.–1 h–1) is ammonia excretion rate, M (mg) is body 183 

mass, T is absolute temperature, 3/4 is theoretical body mass exponent, Ea (eV) is an 184 

average activation energy for the rate-limiting enzyme-catalyzed biochemical reactions 185 

of metabolism, k is Boltzmann's constant (8.62 × 10–5 eV K–1) and R0 or E0 is a 186 

normalization constant (cf. Gillooly et al. 2001) and the other was empirical (or 187 

log/linear) model characterized by the Van't Hoff rule (Q10) (Ikeda 1985; Ikeda and 188 
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Takahashi 2012); 189 

Theoretical model: lnY = a0 + a1lnX1 + a2(1000X2
–1) + a3lnX3   190 

Empirical model: lnY = a0 + a1lnX1 + a2X2 + a3lnX3   191 

It is noted that a1 was 0.75 (= 3/4) for the theoretical model. As indices of 192 

temperature effects, Ea of the theoretical model and Q10 of empirical model could be 193 

computed as Ea = a2× 1000 × 8.62 × 10–5 and Q10 = exp (10 × a2), respectively The 194 

attributes of these variables were analyzed simultaneously using the stepwise multiple 195 

regression (forward selection) method (Sokal and Rohlf 1995). Independent variables 196 

were added and removed at the p = 0.05. The calculation was conducted using SYSTAT 197 

version 10.2. 198 

 199 

3 Results 200 

3.1 Metabolic rates 201 

Of the pelagic amphipods considered in the present analyses, Themisto 202 

gaudichaudii (1.0 mgDM) and Eusirus perdentatus cornuta (344 mgDM) were the 203 

smallest and largest species, respectively (Table 2). Respiration rates at in situ 204 

temperature ranged from 0.37 μlO2 ind.–1 h–1 (Cyphocaris sp. B) to 68.4 μlO2 ind.–1 h–1 205 

(Cyphocaris faueri), and ammonia excretion rates from 0.049 μgN ind.–1 h–1 206 

(Cyphocaris challengeri from the eastern subarctic Pacific Ocean) to 4.76 μgN 207 

ind.–1 h–1(Oxycephalus clausi from tropical Indian Ocean) (Table 2).  208 

A preliminary analysis was performed to test the effects of temperature and 209 

sampling depth on the rates of respiration (R) and ammonia excretion (E) by first 210 

plotting the rates standardized to the rate of specimens weighing 1 mg DM (R0 = R × 211 
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DM–0.75 or E0 = E × DM–0.75) against temperature (1000/K or oC) where the scale 212 

coefficient of body mass was assumed as 0.75 (as in the theoretical model) (Fig. 2). To 213 

facilitate analysis, the data were separated into two groups depending on the depth of 214 

amphipods sampled (< 500 m and ≥ 500 m). It is clear that the rates values for the 215 

species from ≥ 500 m depth distribute well below the rate values <500 m at equivalent 216 

inverse temperature or temperature. From this result, only the data of < 500 m were 217 

used for the analysis of temperature effect on R0 or E0. The resultant slope (–4.582 for 218 

respiration rates, and –5.408 for ammonia excretion rates) of the regression lines was 219 

used to compute R0 or E0 at a given temperature (designated as 10°C) of the amphipods 220 

from these sampling depths (< 500 m + ≥ 500 m), which were plotted against the 221 

mid-sampling depth (Fig. 3). The standardized R0 or E0 at 10°C of these amphipods 222 

were correlated negatively with the sampling depth, but the correlation was significant 223 

(p < 0.01) in the former only.  224 

The overall results of stepwise multiple regressions showed that the new variable 225 

X3 (sampling depth) was significant (p < 0.005) irrespective of the choice of the 226 

theoretical or empirical model for respiration rates. For ammonia excretion rates, the 227 

data for Paracallisoma coecus were considered outliers and therefore omitted in the 228 

following analyses. In contrast to the results for respiration rates, the new variable X3 229 

(sampling depth) was not significant in both theoretical and empirical models (p > 0.18) 230 

for ammonia excretion rates. As judged by R2 values, the empirical model was superior 231 

to the theoretical model, accounting for 79.6–83.1% and 64.7–68.2% of variance, 232 

respectively, for the respiration rates, and the reverse was the case of ammonia 233 

excretion rates (63.9–67.9% and 73.1–76.8%, respectively) (Table 3). There was no 234 

consistent pattern in the performance of the various body mass units to yield best fid in 235 
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the models of respiration rates and ammonia excretion rates. 236 

Thus, with regard to the effect of sampling depth, the results from the multiple 237 

regression analyses were similar to those of the simple regression analyses (Figs. 2, 3) 238 

in which respiration rates or ammonia excretion rates standardized by body mass and 239 

temperature (e.g., R0 or E0 at 10oC, respectively) were grouped based on single criteria 240 

(mid-sampling depth).  241 

 242 

3.2 O:N ratios 243 

     A total of 22 O:N ratios from 19 amphipods ranged from 10.8 (Oxycephalus 244 

clausi from tropical Indian Ocean) to 73.9 (Cyphocaris sp. A) (Table 2). The O:N ratio 245 

data were separated into two depth groups (< 500 m and ≥ 500 m) and plotted against 246 

habitat temperature of the amphipods (Fig. 4). The number of data of the ≥ 500 m group 247 

was limited to only one. The multiple regression analysis of the O:N ratios (pooled data 248 

of the two depth groups) on body mass (represented by DM), habitat temperature and 249 

mid-sampling depth revealed that neither body mass (p = 0.916) nor habitat temperature 250 

(p = 0.599) were significant. The O:N ratios were correlated with sampling depth (p < 251 

0.05), which was contributed to 36.0% of the variance in the O:N ratios (R2 = 0.36) (Fig. 252 

4). Mean and median O:N ratio were 30.2 (± 21.3, SD) and 21.5, respectively. 253 

 254 

3.3 Chemical composition 255 

Water content varied from 60.9 to 93.3% of WM (mean; 77.9), and ash from 9.1 to 256 

47.5% of DM (24.8), C from 23.0 to 59.8% of DM (39.1), N from 4.0 to 10.1of DM 257 

(6.9), C:N ratios from 3.4 to 13.0 (6.0)(Table 2). Simple correlation analyses between 258 

these chemical components and designated parameters [mid-sampling depth, body mass 259 
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(represented by DM) and habitat temperature] revealed that mid-sampling depth 260 

positively affected C composition and C:N ratios, and habitat temperature negatively 261 

affected C composition (Table 4). The scatter diagram of C composition and habitat 262 

temperature is showed in Fig. 5. Since mid-sampling depth and habitat temperature are 263 

inter-correlated (R = –0.687, p < 0.01), the effect of the depth was re-analyzed by 264 

comparing the > 500 m data and the < 500 m data within the same temperature regimes 265 

(< 5.5oC; the maximum temperature of the > 500 m data sets). The results of this 266 

re-analyses showed no significant differences in C composition and C:N ratios between 267 

< 500 m and > 500 m data set groups (U-test, p = 0.797). Thus, it became clear that 268 

habitat temperature alone exerts the greatest effect on the chemical composition of the 269 

pelagic amphipods.  270 

 271 

4 Discussion 272 

4.1 Methodological issues in measuring metabolic rates 273 

Enzyme assay of intermediary metabolism is another measure of respiration rates 274 

(R): a measure that is almost free from the problems associated with swimming 275 

performance in nature. This follows from the premise that the amounts of enzymes in a 276 

specimen do not vary appreciably over a short time (see Ikeda et al. 2000). Activities of 277 

ETS are measured under saturating conditions of substrates and cofactors so that they 278 

estimate potential respiration rates (Vmax of the Michaelis-Menten equation). The 279 

theoretical ETS:R ratio is 2 (Owens and King 1975) and shows little effect of 280 

temperature or the body mass of zooplankton (King and Packard, 1975). On this basis, 281 

ETS:R ratios of hyperiids would be less than the theoretical value (2) when R is 282 

overestimated by the sealed-chamber method without the inclusion of a gelatinous 283 
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substratum. For Themisto (formerly Euthemisto) pacifica, King et al. (1975) adopted the 284 

sealed-chamber method to measure R and determined ETS/R ratio as 2.0 (original ETS 285 

data were multiplied by 3.3 to standardize to the sensitivity of the Owens and King’s 286 

assay), which is similar to those of free-living crustaceans of the same study (2.1 for a 287 

decapods Pleurocodes planipes, 2.4–2.5 for euphausiids Euphausia pacifica and 288 

Nematoscelis atlantica). This result suggests that the majority of T. pacifica are almost 289 

exclusively free-living, and that the extra energy needed for swimming is relatively less 290 

as compared with that for the standard metabolism as discussed in the following.  291 

While no information about the relationship between R and swimming activities 292 

is presently available for hyperiid amphipods, Halcrow and Boyd (1967) determined the 293 

relationship on an intertidal gammarid amphipod Gammarus oceanicus, and calculated 294 

factorial scopes [FS; the ratio between activity metabolism (R at maximum activity) to 295 

standard metabolism (R at rest)] as 3–4, depending on temperature (5–20oC). The FSs 296 

of G. oceanicus are the same order of magnitude (3.1) to that of a planktonic copepod 297 

Dioithona oculata (Buskey 1998) and that (6.1) of a euphausiid Euphausia pacifica at 298 

8oC and normal pressure (1 atm) (Torres and Childress 1983), but are much less than 299 

10–20 in salmon (Brett, 1964) and 50–200 in flying insects (cf. Prosser 1961).  300 

Clearly, the gap in our knowledge about the metabolism of partly parasitic 301 

hyperiid amphipods needs to be filled by developing new methodology in the future. 302 

Nevertheless, presently available information of ETS:R ratios and FSs suggests that the 303 

magnitude of possible errors due to the current methodological constraints in measuring 304 

metabolic rates of pelagic hyperiids are sufficiently small to allow the broad comparison 305 

of metabolic data in the present study.  306 

 307 
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4.2 Body mass and habitat temperature as traditional predictors 308 

The effects of body mass and temperature on respiration and ammonia rates of 309 

pelagic amphipods have been studied in Themisto spp., Cyphocaris challengeri and 310 

Primno abyssalis, all inhabiting high latitude seas (Hirsche 1984; James and Wilkinson 311 

1988; Ikeda 1991; Yamada and Ikeda 2003) (Table 4). The results of these earlier 312 

studies showed that the rates are a power or linear function of body mass (a2 = 313 

0.70–1.37). Small differences in the scale exponents (a2) of body mass (DM) may be 314 

not important since a large marginal error is associated with a2 derived from small body 315 

mass (DM) ranges. In this regard, a2 (0.742 for respiration rates, and 0.763 for ammonia 316 

excretion rates) computed from inter-specific data (DM range: 3 orders of magnitude) 317 

can be taken as typical for pelagic amphipods, as all previous intra-specific data are 318 

from narrow DM ranges (1 or 2 orders of magnitude). The inter-specific a2 based on the 319 

DM body mass unit of the pelagic amphipods (0.745) is comparable to 0.750 for pelagic 320 

copepods (Ikeda et al. 2007) and 0.753 for euphausiids (Ikeda unpublished data), both 321 

derived from global-bathymetric models based on the broad body mass (DM) ranges of 322 

animals (4 orders of magnitude). The scale exponents have been reported as 0.7–0.8 for 323 

diverse animal phyla (Zeuthen 1947). 324 

The effect of temperature on metabolism has been studied in individual amphipod 325 

species at graded temperatures within the range of their habitats. According to the 326 

definition by Clarke (1987), this is “acclimation” (adjustment of an organism to a new 327 

temperature in the laboratory), in contrast to “adaptation” (the evolutionary adjustment 328 

of an organism’s physiology to environment). The activation energy (Ea) or Q10 values 329 

thus obtained for acclimated amphipod species by previous workers are 0.44–0.64 eV or 330 

1.9–2.69 for respiration rates (Table 4). Similar intra-specific Q10 values (2–3) are 331 
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typical for the respiration rates measured at graded temperatures within the ranges of 332 

natural habitats of acclimated aquatic fishes and crustaceans living in arctic and tropical 333 

regions (Scholander et al. 1953). On the other hand, inter-specific Ea (0.26) or Q10 334 

values (1.45) derived from global data sets of adapted amphipods are less than these 335 

intra-specific values. Analyzing the effect of temperature on 69 teleost fishes from polar 336 

to tropical regions, Clarke and Johnston (1999) noted that a Q10 = 1.83 derived from 337 

inter-specific data over the temperature range 0–30oC was smaller than typical 338 

intra-specific acclimated Q10 values in the literature (median: 2.40, N = 138), as is the 339 

case for pelagic amphipods of the present study. Those results suggest that evolutionary 340 

temperature adaption has produced an inter-specific relationship that has a lower 341 

thermal sensitivity than is typical of intra-specific relationships (cf. Clarke and Johnston 342 

1999). While no comparable information about intra-specific data of ammonia excretion 343 

rates is currently available for pelagic amphipods, the present results showed that the 344 

95% CIs of Ea or Q10 for ammonia excretion rates overlap those of respiration rates 345 

Table 4). 346 

 347 

4.3 Habitat (= sampling) depth as a new predictor 348 

The effect of habitat depth was significant for respiration rates but not for 349 

ammonia excretion rates in pelagic amphipods in the present study (Table 2). The 350 

present results contrast with those of Quetin et al. (1980) and Ikeda (1988), who 351 

compared ammonia excretion rates of various pelagic crustaceans (including 352 

amphipods) and found a pattern of reduction in the rates with increasing the depth of 353 

occurrence. Perhaps, the effect of habitat depth on ammonia excretion rates may be 354 

masked by a large scatter of the data together with fewer data sets in the present 355 
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analyses (see Fig. 3).  356 

The negative effects of habitat depth on respiration rates of pelagic amphipods are 357 

consistent with those of micronektonic crustaceans, fishes and cephalopods with 358 

image-forming eyes (Torres et al. 1994; Childress 1995; Seibel and Drazen 2007), and 359 

zooplankton such as copepods (Ikeda et al. 2006, 2007) and chaetognaths (Kruse et al. 360 

2011; Ikeda and Takahashi 2012). For the reduction in respiration rates for deeper-living 361 

pelagic animals, the “visual-interactions hypothesis” (Childress 1995) or 362 

“predation-mediated selection hypothesis” (Ikeda et al. 2007) have been proposed. 363 

These two hypotheses are similar in that both interpret the phenomena as a result of 364 

lowered selective pressure for high activity at depth because of the decrease in visual 365 

predators in the dark. However, the former hypothesis applies strictly to micronekton 366 

with functional eyes, and the latter to both micronekton and zooplankton irrespective of 367 

presence/absence of functional eyes. In terms of size-based classification, most pelagic 368 

amphipods in the present study belong to zooplankton rather than micronekton (> 20 369 

mm body length, cf. Omori and Ikeda 1984) though they possess functional eyes.  370 

Torres et al. (1994) compiled the relationship between respiration rates and the 371 

depth of occurrence for pelagic crustaceans (amphipods, decapods, euphausiids, isopods, 372 

mysids and ostracods) off California, in the Gulf of Mexico, off Hawaii and in Antarctic 373 

waters. According to their results, the respiration rates [standardized to a body size of 1 374 

mg wet mass by using the scale exponent of 0.75 (equivalent to the theoretical model 375 

adopted in the present study), and at 0.5oC by assuming Q10 = 2.0)], the reduction in the 376 

rates of a specimen due to the increase of its habitat depth from 1 m to 1000 m depth is 377 

in the order of 0.1–0.5 times. Similar calculations for the pelagic amphipods based on 378 

the present results (theoretical models in Table 3) showed that the reduction was 0.3–0.4 379 
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times, depending on the choice of DM, C or N body mass unit, which fall within the 380 

range of the mixed crustacean taxa by Torres et al. (1994). 381 

 382 

4.4 O:N ratios  383 

The atomic ratio of oxygen consumption rate to ammonia-nitrogen excretion rate 384 

(O:N ratio) has been used as an index of the proportion of protein in total metabolites in 385 

marine zooplankton (Mayzaud and Conover 1988; Ikeda et al. 2000). When only protein 386 

is metabolized, the O:N ratio is 7 (Table 10.3 in Ikeda et al. 2000). When protein and 387 

lipid or carbohydrate is catabolized in equal quantities at the same time, O:N ratios are 388 

calculated between 13 and 21. Hence, O:N ratios of 7–17 (mid-point of 13 and 21) may 389 

be used as an index of protein-oriented metabolism and the ratios of > 17 as 390 

lipid/carbohydrate-oriented metabolism. As carnivores, the O:N ratio of the 19 pelagic 391 

amphipods compiled in the present study (Table 2) varied from one species to the next 392 

(11–74, Table 2), with a median of 21.5. The somewhat greater than expected O:N ratios 393 

for the pelagic amphipods may be due to methodological constraints of the incubation 394 

of specimens in filtered seawater (no food), a typical design of the sealed-chamber 395 

method (Ikeda et al. 2000). Ammonia excretion is more susceptible to food deprivation 396 

than respiration, hence high O:N ratios in starved amphipods have been documented in 397 

Phronima sedentalia (Ikeda 1974) and Themisto pacifica (Ikeda 1977). The same 398 

phenomenon has also been observed in a bathypelagic mysid Gnathophausia ingens 399 

(Quetin et al. 1980; Hiller-Adams and Childress 1983) and an epipelagic euphausiid 400 

Euphausia superba (Ikeda and Dixon 1984). 401 

In addition to food deprivation, N composition of diets is known to affect O:N 402 

ratios of marine invertebrates (cf. Ikeda and McKinnon 2012). As carnivores, 403 
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progressive increase in the O:N ratios of the pelagic amphipods downward (Fig. 4) may 404 

be a result from N-poor and/or C-rich prey animals at depth. Copepods are the major 405 

prey components of pelagic amphipods (Sheader and Evans 1975; Pakhomov and 406 

Perissinotto 1996; Haro-Garay 2004) and their depth-related patterns in chemical 407 

composition are characterized by a gradual decline in N composition and increase in 408 

C:N ratio toward great depth (Ikeda et al. 2006a). As an alternative explanation, the 409 

increase in body C:N ratios of deeper-living pelagic amphipods themselves may also be 410 

considered. However, this explanation is not consistent with the insignificant correlation 411 

between the C:N ratios and sampling depth in the pelagic amphipods (Table 4).  412 

 413 

4.5 Chemical composition 414 

Ikeda (1974), analyzing C and N compositions of various zooplankton taxa from 415 

tropical to subarctic waters, showed that high C composition and C:N ratios are 416 

characteristics of those inhabiting cold habitats. Båmstedt (1986) noted also high C and 417 

low N (thus leading to high C:N) for copepods from cold thermal regimes (high latitude 418 

seas and deep sea) as compared with counterparts from warm thermal regimes (low 419 

latitude seas). A recent study on copepods living in the epipelagic through abyssopelagic 420 

zones of the western subarctic Pacific Ocean revealed a gradual decline in the N content 421 

and an increase in C:N ratios downward (Ikeda et al. 2006a). The present results on 422 

pelagic amphipods are consistent with the results of these previous studies in that C 423 

composition was negatively correlated with habitat temperature (Fig. 5). 424 
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Analyzing chemical composition data on 182 zooplankton species (mostly 425 

crustaceans), Ventura (2006) calculated average C and N composition of protein to be 426 

52.8% and 16.0%, and lipids (represented by wax esters) to be 81.0% and 0%. With 427 

these results, the C:N ratio is calculated as 3.3 for protein alone and 8.4 for organic 428 

matter composed of equal amounts of protein and lipid. Carbohydrate in zooplankton 429 

has been reported to be < 8.5% of DM (Ventura 2006) and is therefore omitted in this 430 

calculation. Then, C:N ratios of 3.3–8.4 and > 8.4 can be used as indices of protein- and 431 

lipid-dominated composition, respectively, for zooplankton. On this basis, body C:N 432 

ratios of most the pelagic amphipods were 3.4–7.9 (mean = 6.0, Table 2), indicating 433 

protein dominated composition. As exceptions, the three amphipods from the 434 

mesopelagic/abyssopelagic zones exhibited C:N ratios beyond the range (10.9 for 435 

Chuneola spinifera, 12.7 for Gammaridea sp., and 13.0 for Cyphocaris sp., Table 2), 436 

indicating lipid dominated composition. Little has been studied on the function of lipids 437 

in pelagic amphipods, with a notable exception of the study of Percy (1993) who 438 

demonstrated that the hyperiid amphipod Themisto libellula utilized lipid reserves in the 439 

body for metabolic needs when starved. For copepods and euphausiids, the function of 440 

large lipid deposits (mostly as wax esters, triacylglycerols or phospholipids) is 441 

considered as an energy reserve for coping with temporal food scarcity and reproduction, 442 

or energy saving for swimming by achieving neutral buoyancy (Lee et al. 2006). 443 

In conclusion, global-bathymetric models designed in the present study could 444 

explain 65–83% of the variance in respiration rates and 64–77% of the variance in 445 
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ammonia excretion rates of pelagic amphipods. From the comparison of the scale 446 

exponents of body mass and temperature coefficients (Ea and Q10) derived from the 447 

global-bathymetric models and those of previous regional models based on single 448 

amphipod species, the differences in the magnitude of the ranges of the data were 449 

considered as a prime source of dissimilar results. As carnivores, the O:N ratios of the 450 

pelagic amphipods were somewhat greater than expected, to which methodological 451 

constraints (incubation without food) are suggested. Although the C composition was 452 

negatively correlated with habitat temperature, none of the other variables (water 453 

contents, ash, N and the C:N ratio) were correlated with body mass, habitat temperature 454 

and sampling depth. As judged by body C:N ratios, protein was considered to be the 455 

major organic component of most of the pelagic amphipods. As exceptions, some 456 

pelagic amphipods from > 500 m depth exhibited very high C:N ratios (> 10) indicating 457 

a large deposition of C-rich organic matter (lipids) in the body.  458 

 459 

Acknowledgments 460 

I am grateful to D.A. McKinnon for his critical reading of early drafts of this 461 

paper.  462 

 463 

 464 

20 
 



References 465 

Båmstedt U (1986) Chemical composition and energy content. In: Corner EDS, 466 

O’Hara SCM (eds), The biological chemistry of marine copepods. Clarendon 467 

Press, Oxford, pp 1–58  468 

Bocher P, Cherel Y, Labat JP, Mayzaud P, Razouls S, Jouventin P (2001) 469 

Amphipod-based food web: Themisto gaudichaudii caought in nets and by 470 

seabirds in Kerguelen waters, outhern Indian Ocean. Mar Ecol Prog Sr 223: 471 

261–276 472 

Brett JR (1964) The respiratory metabolism and swimming performance of young 473 

sockeye salmon. J Fish Red Bd Canada 21: 1184–1226 474 

Buskey EJ (1998) Energetic costs of swarming behaviour for the copepod Dioithona 475 

oculata. Mar Biol 130: 425–431 476 

Childress JJ (1975) The respiratory rates of midwater crustaceans as a function of 477 

depth occurrence and relation to the oxygen minimum layer off Southern 478 

California. Comp Biochem Physiol A 50: 787–799 479 

Childress JJ (1995) Are there physiological and biochemical adaptation of metabolism 480 

in deep-sea animals? Trends Ecol Evol 10: 30–36  481 

Clarke A (1987) The adaptation of aquatic animals to low temperatures. In: Grout 482 

BWW, Morris GJ (eds), The effects of low temperatures on biological systems, 483 

Edward Arnold, London, pp 315–348  484 

Clarke A, Johnston NM (1999) Scaling of metabolic rate with body mass and 485 

temperature in teleost fish. J Anim Ecol 68: 893–905 486 

Conover RJ (1960) The feeding behavior and respiration of some marine planktonic 487 

Crustacea. Biol Bull 119: 399–415 488 

21 
 



Conover RJ, Corner EDS (1968) Respiration and nitrogen excretion by some marine 489 

zooplankton in relation to their life cycles. J Mar Biol Ass UK, 48: 49–75  490 

Gillooly JF, Brown JH, West GB, Savage VM, Charnov EL (2001) Effects of size and 491 

temperature on metabolic rate. Science 293: 2248–2251 492 

Halcrow K, Boyd CM (1967) The oxygen consumption and swimming activity of the 493 

amphipod Gammarus oceanicus at different temperatures. Comp Biochem 494 

Physiol 23: 233–242 495 

Haro-Garay MJ (2008) Dominance shift of zooplankton species composition in the 496 

central Strait of Georgia, British Columbia during 1997. Hidrobiológica 18: 497 

53–60 498 

Haro-Garay MJ (2004) Diet and functional morphology of the mandible of two 499 

planktonic amphipods from the Strait of Georgia, British Columbia, 500 

Parathemisto pacifica (Stebbing, 1988) and Cyphocaris challenger (Stebbing, 501 

1988). Crustaceana 76: 1291–1312 502 

Hirche H-J (1984) Temperature and metabolism of plankton-I. Respiration of Antarctic 503 

zooplankton at different temperatures with a comparison of Antarctic and 504 

Nordic krill. Comp Biochem Physiol 77A: 361–368 505 

Hiller-Adams P, Childress JJ (1983) Effects of feeding, feeding history, and food 506 

deprivation on respiration and excretion rates of the bathypelagic mysid 507 

Gnathophausia ingens. Biol Bull 165: 182–196 508 

Hopkins TL (1985) Food web of an Antarctic midwater ecosystem. Mar Biol 89: 509 

197–212 510 

Ikeda T (1974) Nutritional ecology of marine zooplankton. Mem Fac Fish Hokkaido 511 

Univ 22: 1–97 512 

22 
 



Ikeda T (1977) The effect of laboratory conditions on the extrapolation of experimental 513 

measurements to the ecology of marine zooplankton. IV. Changes in respiration 514 

and excretion rates of boreal zooplankton species maintained under fed and 515 

starved conditions. Mar Biol 41: 241–252 516 

Ikeda T (1985) Metabolic rates of epipelagic marine zooplankton as a function of body 517 

mass and temperature. Mar Biol 85: 1–11  518 

Ikeda T (2012) Metabolism and chemical composition of zooplankton from 500 to 519 

5,000 m depth of the western subarctic Pacific Ocean. J Oceanogr 68: 641–649 520 

Ikeda T (1988) Metabolism and chemical composition of crustaceans from the Antarctic 521 

mesopelagic zone. Deep-Sea Res 35: 1991–2002  522 

Ikeda T, Dixon P (1984) The influence of feeding on the metabolic activity of Antarctic 523 

krill (Euphausia superba Dana) Polar Biol 3: 1–9 524 

Ikeda T, Hirakawa K (1998) Metabolism and body composition of zooplankton in the 525 

cold mesopelagic zone of the southern Japan Sea. Plankton Biol. Ecol.45: 31-44 526 

Ikeda T, Mckinnon DA (2012) Metabolism and chemical composition of zooplankton 527 

and hyperbenthos from the Great Barrier Reef waters, North Queensland, 528 

Australia. Plankton Benthos Res 7: 8–19 529 

Ikeda T, Mitchell AW (1982) Oxygen uptake, ammonia excretion, and phosphate 530 

excretion of krill and other Antarctic zooplankton, in relation to their body size 531 

and chemical composition. Mar Biol.71: 283–298 532 

Ikeda T, Shiga N (1999) Production, metabolism and production/biomass (P/B) ratio of 533 

Themisto japonica (Crustacea: Amphipoda) in Toyama Bay, southern Japan Sea. 534 

J Plankton Res 21: 299–308 535 

Ikeda T, Skjoldal HR (1989) Metabolism and elemental composition of zooplankton 536 

23 
 



from the Barents Sea during early arctic summer. Mar Biol 100: 173–183 537 

Ikeda T, Takahashi T. (2012) Synthesis towards a global-bathymetric model of 538 

metabolism and chemical composition of marine pelagic chaetognaths. J Exp 539 

Mar Biol Ecol 424–425: 78–88  540 

Ikeda T, Torres JJ, Hernández-León S, Geiger SP (2000) Metabolism. In: Harris RP, 541 

Wiebe PH, Lenz J, Skjoldal HR, Huntley M (eds), ICES zooplankton 542 

methodology manual. Academic Press, San Diego, pp 455–532 543 

Ikeda T, Yamaguchi A, Matsuishi T (2006a) Chemical composition and energy content 544 

of deep-sea calanoid copepods in the western North Pacific Ocean. Deep-Sea 545 

Res I 53: 1791–1809  546 

Ikeda T, Sano F, Yamaguchi A, Matsuishi T (2006b) Metabolism of mesopelagic and 547 

bathypelagic copepods in the western North Pacific Ocean. Mar Ecol Prog Ser 548 

322:199-211 549 

Ikeda T, Sano F, Yamaguchi A (2007) Respiration in marine pelagic copepods: a 550 

global-bathymetric model. Mar Ecol Prog Ser 339: 215–219 551 

Ivleva IV (1980) The dependence of crustacean respiration rate on body mass and 552 

habitat temperature. Int Revue ges Hydrobiol 65: 1–47  553 

James MR, Wilkinson VH (1988) Biomass, carbon ingestion, and ammonia excretion 554 

by zooplankton associated with an upwelling plume in western Cook Strait, 555 

New Zealand. NZ J Mar Freshw Res 22: 249–257 556 

King FD, Packard TT (1975) Respiration and the activity of the respiratory electron 557 

transport system in marine zooplankton. Limnol. Oceanogr. 20, 849–853. 558 

Krapp RH, Berge J, Flores H, Gulliksen B, Werner I (2008) Sympagic occurrence of 559 

Eusirid and Lysianassoid amphipods under Antarctic pack ice. Deep-Sea Res II 560 

24 
 



55: 1015–1023  561 

Kruse S, Brey T, Bathmann U (2010) Role of midwater chaetognaths in Southern 562 

Ocean pelagic energy flow. Mar Ecol Prog Ser.416: 105–113 563 

Laval P (1980) Hyperiid amphipods as crustacean parasioids associated with 564 

gelatinous zooplankton. Oceanogr Mar Biol Annu Rev 18: 11–56 565 

Lee RF, Hagen W, Kattner G (2006) Lipid storage in marine zooplankton. Mar Ecol 566 

Prog Ser 307: 273–306 567 

Longhurst AR (1985) The structure and evolution of plankton communities. Prog 568 

Oceanogr 15: 1–35.  569 

Mayzaud P, Conover RJ (1988) O:N atomic ratio as a tool to describe zooplankton 570 

metabolism. Mar Ecol Prog Ser 45: 289–302 571 

Omori, M. & T. Ikeda 1984. Methods in marine zooplankton ecology. John Wiley and 572 

Sons Inc., USA, 332pp. 573 

Opalinski KW, Jażdżewski K (1978) Respiration of some Antarctic amphipods. Pol 574 

Arch Hydrobiol 25: 643–655  575 

Owens, T.G., King, F.D., 1975. The measurement of respiratory electron-transport 576 

system activity in marine zooplankton. Mar. Biol. 30, 27–36. 577 

Pakhomov EA, Perissinotto R (1996) Trophodynamics of the hyperiid amphipod 578 

Themisto gaudichaudii in the South Georgia region during late austral summer. 579 

Mar Ecol Prog Ser 134: 91–100 580 

Percy JA (1993) Energy consumption and metabolism during starvation in the Arctic 581 

hyperiid amphipod Themisto libellula Mandt. Polar Biol 13: 549–555  582 

Postel L, Fock H, Hagen W (2000) Biomass and abundance. In: Harris RP, Wiebe PH, 583 

Lenz J, Skjoldal HR, Huntley M (eds), ICES zooplankton methodology manual. 584 

25 
 



Academic Press, San Diego, pp 83–192 585 

Prosser CL 1961 Oxygen: respiration and metabolism. In: Prosser CL, Brown FA (eds), 586 

Comparative Animal Physiology. WB Saunders, Philadelphia, p 165-211 587 

Quetin LB, Ross RM, Uchio K (1980) Metabolic characteristics of midwater 588 

zooplankton: ammonia excretion, O:N ratios, and the effect of starvation. Mar 589 

Biol 59: 201–209 590 

Raymont JEG (1083) Plankton and productivity in the oceans. Vol 2. Zooplankton. 591 

Pergamon Press, Oxford 592 

Schneppenheim R, Weigmann-Haass R (1986) Morphological and electrophoretic 593 

studies of the Genus Themisto (Amphipoda: Hyperiidea) from the south and 594 

North Atlantic. Polar Biol 6: 215–225 595 

Scholander PF, Flagg W, Walters V, Irving L (1953) Climatic adaptation in arctic and 596 

tropical poikilotherms. Physiol Zool 26: 67–92 597 

Seibel, BA, Drazen JC (2007) The rate of metabolism in marine animals: 598 

environmental constraints, ecological demands and energetic opportunities. Phil 599 

Trans.R Soc B 362: 2061–2078  600 

Sheader M, Evans F (1975) Feeding and gut structure of Parathemisto gaudichaudi 601 

(Guerin) (Amphipoda, Hyperiidea). J Mar Biol Ass UK 55: 641–656 602 

Shih CT (1982) Hyperiidea. In: Parker SP(ed) Synopsis and classification of living 603 

organisms. 2. McGraw-Hill, NY, pp 285-292 604 

Sokal RR, Rohlf FJ (1995) Biometry. The principles and practice of statistics in 605 

biological research. Freeman, New York 606 

Torres JJ, Aarset AV, Donnelly J, Hopkins TL, Lancraft TM, Ainley DJ (1994) 607 

Metabolism of Antarctic micronektonic Crustacea as a function of depth of 608 

26 
 



occurrence and season. Mar Ecol Prog Ser 113: 207–219  609 

Torres JJ, Childress JJ (1983) Relationship of oxygen consumption to swimming speed 610 

in Euphausia pacifica. 1. Effects of temperature and pressure. Mar Biol 74: 611 

79–86 612 

Ventura M (2006) Linking biochemical and elemental composition in freshwater and 613 

marine crustacean zooplankton. Mar Ecol Prog Ser 327: 233–246 614 

Vinogradov M.E. 1968. Vertical distibution of oceanic zooplankton. Israel Program for 615 

Scientific Translations, Jerusalem, 339pp.  616 

Vinogradov ME, Volkov AF, Semenova TN. 1982. Hyperiid amphipods (Amphipoda, 617 

Crustacea) of the Ocean.Leningrad: Nauka. 492 p. (in Russian. English transl.: 618 

1996, Smithsonian Institution Libraries, Washington,D.C. 621 p.) 619 

Yamada Y, Ikeda T (2003) Metabolism and chemical composition of four pelagic 620 

amphipods in the Oyashio region, western subarctic Pacific. Mar. Ecol. Prog. 621 

Ser., 253: 233-241 622 

Zeuthen E (1947) Body size and metabolic rate in the Animal Kingdom with special 623 

regard to the marine microfauna. C r Trav Lab.Carlsberg (Sér chim) 26: 17–161 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

27 
 



Figure captions 635 

Fig. 1. Study sites of metabolic rates of pelagic amphipods. The sites were separated 636 

into two groups depending on the depth where amphipods collected (< 500 m and ≥ 637 

500 m). The number and associated character alongside the symbol corresponds the 638 

code of each amphipod listed in Table 1. 639 

Fig. 2. Pelagic amphipods. Relationship between the respiration rate (top) or ammonia 640 

excretion rate (bottom) standardized to a body size of 1 mg body DM (R0 or E0) and 641 

temperature (T-1: 1000/K, or T: oC) of the specimens from shallow (open circles; < 642 

500 m) and deep layers (closed triangles; ≥ 500 m). The data points represent means 643 

from the data sets in Table 2, and the regression line is derived from shallow layer 644 

species only. **: p < 0.01. 645 

Fig. 3. Pelagic amphipods. Relationship between respiration rates (top) or ammonia 646 

excretion rates (bottom) standardized to a body size of 1 mgDM (R0 or E0) at 10°C 647 

and mid-sampling depth. The data points represent means derived from the data sets 648 

in Table 2. For symbols see Fig. 2. **: p < 0.01. 649 

Fig. 4. Pelagic amphipods. Relationship between O:N (as NH4-N) ratios and 650 

mid-sampling depth of specimens from various regions of the world’s oceans. The 651 

data points represent means in Tables 2. For symbols see Fig. 2. *: p < 0.05. 652 

Fig. 5. Pelagic amphipods. Relationship between C composition and habitat temperature. 653 

The maximum temperature for > 500 m data (5.5oC) was superimposed (a vertical 654 

hatched line). The data points represent means in Tables 2. For symbols see Fig. 2. 655 

**: p < 0.01. 656 
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Table 1. A list of pelagic amphipod species of which metabolic and chemical composition data were analyzed.
Code Species Region Date Reference
Hyperiidea 

1 Chuneola spinifera W. subarctic Pacific Ocean Aug 2004 Ikeda (2012)
2 Cyllopus lucasii Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)
3 Hemityphis tenuimanus Tropical Atlantic Ocean Jan 1972 Ikeda (1974)
4 Hyperia galba Gulf of Maine, USA Dec 1959 Conover (1960)
5 Hyperia gaudichaudii Off Wilkes Land, Antarctica Jan 1980 Ikeda & Mitchell (1982)
6 Lanceola loveni W. subarctic Pacific Ocean Jun 2002 Ikeda (2012)
7a Oxycephalus clausi Coral Sea May 2010 Ikeda & McKinnon (2012)
7b Oxycephalus cluasi Tropical Indian Ocean Oct 1971 Ikeda (1974)

(formerly O. porcellus )
8a Phronima sedentaria Tropical Indian Ocean Oct 1971 Ikeda (1974)
8b Phronima sedentaria Subtropical Atlantic Ocean Nov 1971 Ikeda (1974)
8c Phronima sedentaria W. subarctic Pacific Ocean Jun 2003 Ikeda (2012)
9a Primno abyssalis F S. Japan Sea Nov 1991 Ikeda & Hirakawa (1998)
9b Primno abyssalis W. subarctic Pacific Ocean Jul 2000 Yamada & Ikeda (2003)
10 Primno macropa Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)
11 Scina borealis W. subarctic Pacific Ocean Mar 2004 Ikeda (2012)
12 Scina crassicornis Subtopical Pacific Ocean Mar 1972 Ikeda (1974)

(formerly S. cornigera )
13 Thamneus rostratus Tropical Indian Ocean Oct 1971 Ikeda (1974)

(formerly Thamneus platyrrhynchus )
14 Themisto compressa Gulf of Maine, USA Sep 1966 Conover & Corner (1968)

(formerly T. gaudichaudii )
15a Themisto gaudichaudii Off Wilkes Land, Antarctica Jan 1980 Ikeda & Mitchell (1982)
15b Themisto gaudichaudii Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)
15c Themisto gaudichaudii E. Cook Strait, NZ Mar–Apr 1983 James & Wilkinson (1988)
16a Themisto japonica Off SW Hokkaido, Japan May 1971 Ikeda (1974)
16b Themisto japonica W. subarctic Pacific Ocean May–Dec 2000 Yamada & Ikeda (2003)
16c Themisto japonica F S. Japan Sea Sept 1990 Ikeda & Hirakawa (1998)
17 Themisto libellula Barents Sea Jun 1987 Ikeda & Skjoldal (1989)
18 Themisto pacifica W. subarctic Pacific Ocean Jul-Aug 2000 Yamada & Ikeda (2003)
19 Vibilia sp. Tropical Indian Ocean Nov 1971 Ikeda (1974)
20 Vibilia propinqua Off Wilkes Land, Antarctica Jan 1980 Ikeda & Mitchell (1982)
21 Vibilia stebbingi Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)

Gammaridea 
22a Cyphocaris challengeri E. subarctic Pacific Ocean Jul 1975 Ikeda, unpublished data
22b Cyphocaris challengeri W. subarctic Pacific Ocean Oct 2000–Apr 2001 Yamada & Ikeda (2003)
23 Cyphocaris faueri Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)
24 Cyphocaris richardi Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)
25 Cyphocaris sp. A Prydz Bay, Antarctica Jan 1985 Ikeda (1988)
26 Cyphocaris sp. B W. subarctic Pacific Ocean Jun 2003 Ikeda (2012)
27 Eusirus antarcticus Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)
28 Eusirus microps Prydz Bay, Antarctica Nov 1982 Ikeda, unpublished data
29 Eusirus perdentatus South Georgia Feb 1976 Opalinski & Jazdzewski (1978)
30 Gammaridea sp. W. subarctic Pacific Ocean Jun 2003 Ikeda (2012)
31a Paracallisoma coecus Off S. California 1969–1972 Childress (1975)
31b Paracallisoma coecus Off S. California 1976–1977 Quetin et al. (1980)
32 Parandania boecki Scotia/Wedddell Sea Nov–Dec 1983, Mar 1986, Jun–Aug 1988 Torres et al. (1994)

 660 
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Oxygen
saturation T Water Ash C N C:N

Code (1.00=100%) (oC) N (% of WM) (% of DM) (% of DM) (% of DM) (by mass)
1 4000 (3000–5000) 0.45 1.5 1 239 6.40 49.4 4.6 10.9
2 100 0.9 0.5 5 61.8 18.5 29.4 4.5 68.7 16.5 44.9 5.7 7.9
4 2 (0–5) 1.00 26.4 2 1.62 ± 0.02 3.23 ± 0.25 0.26 ± 0.01 15.9 ± 1.7 25.1 4.6 5.5
5 125 (0–250) 0.80 5.6 4 6.63 ± 3.09 3.30 ± 1.10 (29.3)a (5.0)a

6 3 (0–5) 1.00 -0.8 3 105.3 ± 49.63 22.33 ± 7.44 2.64 ± 2.25 14.4 ± 7.6 46.8 7.1 6.6
7 1500 (1000–2000) 0.20 2 4 5.16 ± 3.25 0.63 ± 0.52 31.9 9.3 3.4
8a 1 surface 1.00 27.5 1 13.98 26.61 2.44 13.7 85.2 43 25.5 6.2 4.1
8b 2 (0–5) 1.00 27.4 1 17.67 40.97 4.76 10.8 24.1 5.5 4.4
9a 2 (0–5) 1.00 27.4 2 9.48 ± 3.70 32.39 ± 16.18 3.11 ± 1.34 12.8 ± 1.0 23.8 5.1 4.7
9b 2 (0–5) 1.00 19.7 2 7.29 ± 0.01 10.05 ± 0.31 0.73 ± 0.05 17.4 ± 1.7 23.8 5.1 4.7
9c 750 (500–1000) 0.13 3 3 7.57 ± 9.23 1.44 93.3 47.5 23.0 5.6 4.1
10a 550 (400–700) 0.75 0.5 14 14.82 ± 3.26 5.71 ± 1.74 82.6 25.3 39.0 9.4 4.2
10b 250 (0–500) 0.50 5 18 6.15 ± 4.45 5.09 ± 3.92 0.20 ± 0.17 40.8 ± 25.2 53.3 7.6 7.1
11 100 0.90 0.5 6 37.9 ± 2.1 19.1 ± 5.8 70.6 21.3 41.7 6.6 6.3
12 1500 (1000–2000) 0.20 2 1 8.74 1.56 81.0 29.6 35.6 7.8 4.6
13 2 (0–5) 1.00 22.4 2 2.99 ± 0.01 5.50 ± 0.65 0.14 ± 0.17 20.3 ± 11.8 41.7 10.1 4.1
13 2 (0–5) 1.00 27.4 2 2.44 ± 0.48 10.11 ± 5.09 0.50 ± 0.29 26.3 ± 2.5 24.1 4.0 6.0
14 250 (0–500) 0.60 4 2 2.13 2.02 0.087 29.1 (46.1) 9.4 (4.9)b

15a 2 (0–5) 1.00 -0.9 22 7.06 ± 5.48 3.71 ± 2.05 0.42 ± 0.32 13.7 ± 5.5 37.9 8.2 4.6
15b 100 0.90 0.5 2 60.5 ± 6.0 17.0 ± 4.1 80.7 24.5 (37.9)c (8.2)c

15c 2 1.00 15 11–17 1.00 1.70 0.13 16.2 38.2 8.0 4.8
16a 2 (0–5) 1.00 8.7 9 2.90 ± 1.95 4.30 ± 2.85 0.30 ± 0.17 24.2 ± 6.6 41.2 7.9 5.2
16b 250 (0–500) 0.50 5 41 2.65 ± 3.02 2.42 ± 1.92 0.24 ± 0.19 14.1 ± 6.0 46.3 8.8 5.3
16c 550 (400–700) 0.75 0.5 8 3.14 ± 0.64 2.04 ± 0.50 85.9 25.6 37.1 8.9 4.2
17 90 (35–150) 1.00 -0.1 11 2.98 ± 0.63 2.53 ± 0.63 0.05 ± 0.02 69.3 ± 32.0 82.5 26.6 38.3 8.1 4.7
18 250 (0–500) 0.50 5 20 1.18 ± 0.75 1.71 ± 1.01 0.10 ± 0.10 29.8 ± 16.5 47.9 8.3 5.8
19 2 (0–5) 1.00 27.8 2 1.24 ± 0.03 5.68 ± 1.52 0.31 ± 0.06 22.7 ± 2.0 35.1 7.1 4.9
20 2 (0–5) 1.00 -1.1 5 12.14 ± 0.96 6.07 ± 0.46 0.43 ± 0.11 18.4 ± 3.8 40.3 8.1 5.0
21 100 0.9 0.5 2 24.2 0.6 17.3 ± 0.5 79.2 24.3 34.7 7.4 4.7
22a 2 (0–5) 1.00 13 2 3.96 ± 0.22 2.84 ± 0.76 0.05 ± 0.06 73.1 ± 64.6 41.0 8.0 5.1
22b 250 (0–500) 0.50 5 36 5.90 ± 3.61 2.53 ± 1.73 0.07 ± 0.08 66.9 ± 37.9 36.8 6.8 5.4
23 100 0.90 0.5 8 293.2 ± 94.3 68.4 ± 8.6 76.4 21.8 39.3 5.1 7.7
24 500 0.60 0.5 5 127.2 43.8 47.0 ± 8.6 74.8 23.4 38.3 5.9 6.5
25 600 (200–1000) 0.60 0.2 12 81.42 ± 38.53 17.89 ± 9.79 0.58 ± 0.86 73.9 ± 58.0 75.8 18.8 47.3 7.0 6.8
26 750 (500–1000) 0.13 3 1 1.23 0.37 78.9 56.1 4.3 13.0
27 100 0.90 0.5 26 18.4 ± 3.5 6.44 ± 1.27 60.9 15.5 (45.3)d (6.3)d

28 55 (0–110) 1.00 -1.6 3 193.1 ± 37.28 24.13 ± 4.25 0.94 ± 0.67 40.8 ± 19.6 73.9 19.6 45.3 6.3 7.2
29 290 (0–580) 0.60 –1.0 20 344.0 ± 13.8 39.2 ± 4.1 (45.3)d (6.3)d

30 750 (500–1000) 0.13 3 1 4.01 0.81 67.6 9.1 59.8 4.7 12.7
31a 600 0.05 5.5 1 31.8 4.50 57.4 8.8 6.5
31b 600 (400–800) 0.05 5.5 2 50 ± 20 0.056 ± 0.056 (57.4)a (8.8)a

32 500 0.60 0.5 6 75.9 19.1 19.1 ± 7.4 83.7 29.1 36.2 5.7
a after Childress and Nygaard (1974)
b mean of Themisto  spp. of this study
c after Ikeda and Mitchell (1982)
d assumed the same to those of Eusirus microps in this Table

Body chemical composition

Table 2. Sampling depth, ambient oxygen saturation, temperature, body mass, rates of respiration and ammonia excretion, O:N ratios, water content, ash, C, N and C:N ratios of pelagic amphipods. For codes, see Table 1. Italic
values for sampling depth are those estimated by the present author. Values in parentheses are those assumed for the multiple regression analyses. Blank = no data.

(m)
Sampling depth (range)

Ammonia
excretion rateBody mass

(mg DM ind.–1) (μlO2 ind.–1h–1) (μgN ind.–1h–1) (atomic)
O:N ratioRespiration rate

 670 

30 
 



 671 
 672 

Regression equation:
Regression Body mass N Step lnY = a0 + a1lnX1 + a2X2 ＋ a3lnX3 ＋ a4X4

model unit No. a0 a1 a2 a3 R2 (adjusted R2)

Respiration
Theoretical DM 41 1 0.75 –0.266 0.576

2 11.561 0.75 –3.050 –0.167 0.665 (0.647)

C 41 1 0.75 –6.434 0.599
2 15.483 0.75 –3.940 –0.171 0.698 (0.682)

N 41 1 0.75 –5.860 0.605
2 16.203 0.75 –3.808 –0.141 0.687 (0.671)

Empirical DM 41 1 0.572 0.553
2 0.683 –0.254 0.795
3 0.407 0.743 0.037 –0.165 0.833 (0.820)

C 41 1 0.511 0.474
2 0.652 –0.278 0.752
3 1.066 0.740 0.048 –0.169 0.812 (0.797)

N 41 1 0.576 0.532
2 0.808 0.077 0.804
3 2.217 0.793 0.051 –0.136 0.843 (0.830)

Ammonia excretion
Theoretical DM 22 1 0.75 –5.642 0.550

2 11.911 0.75 –4.398 0.782 (0.760)

C 22 1 0.75 –6.778 0.610
2 16.628 0.75 –5.527 0.790 (0.768)

N 22 1 0.75 –6.357 0.586
2 16.769 0.75 –5.191 0.757 (0.731)

Empirical DM 22 1 0.570 0.383
2 –3.070 0.763 0.070 0.710 (0.679)

C 22 1 0.452 0.260
2 –2.668 0.762 0.084 0.674 (0.639)

N 22 1 0.502 0.289
2 –1.338 0.796 0.081 0.685 (0.652)

Table 3. Stepwise (forward selection) multiple regression statistics of theoretical and empirical models of respiration
rates (Y: μl O2 ind.–1h–1) or ammonia excretion rates (Y: μgN ind.–1h–1) of pelagic amphipods on body mass (X1: mg

ind.–1), habitat temperature (X2: 1000/K for the former, oC for the latter) and depth sampled (X3: m).
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Chemical
components ln DM T ln Depth

Water 16 –0.270NS 0.267NS 0.053NS

Ash 15 –0.229NS 0.539NS –0.230NS

C 34 0.138NS –0.566** 0.463**
N 34 –0.251NS –0.247NS 0.036NS

CN 34 0.222NS –0.292NS 0.398*

DF

Table 4. Spearman correlation coefficients (R) between body chemical
components (water, ash, C, N and C:N) and body mass [ln DM (mg)],
habitat temperature [T (oC)], and mid-sampling depth [ln Depth (m)], of
pelagic amphipods. DF = degree of freedom, * p < 0.05, ** p < 0.01, NS  p
> 0.05.

R
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a2 Range (mgDM) E a  (eV) Range (oC) Q10 Range (oC)
Respiration rates

Mixed (32 species) 0.743 1–344 0.26 –1.6 to 28 1.45 –1.6 to 28 This study
(0.626–0.860) (0.10–0.43) (1.11–1.88)

Cyphocaris challengeri 0.880 0.60–12.66 Yamada & Ikeda (2003)
(0.795–0.965)

Hyperia antarctica 0.64 0–10 2.64 0–5 Hirsche (1984)
2.53 5–10

Themisto gaudichaudii 0.924 <10 James & Wilkinson (1988)
(0.695–1.154)

Themisto gaudichaudii 0.70 12–72 Opalinski & Jazdzewski (1978)
(0.69–0.71)

Themisto gaudichaudii 0.44 0–10 1.96 0–5 Hirsche (1984)
1.88 5–10

Themisto japonica 2.69 1–12 Ikeda (1991)
(1.47–4.93)

Themisto japonica 0.771 0.33–14.21 Yamada & Ikeda (2003)
(0.694–0.848)

Themisto libellula 2.01 0–5 Percy (1993)
Themisto pacifica 0.947 0.21–3.50 Yamada & Ikeda (2003)

(0.794–1.099)
Primno abyssalis 1.003 0.31–11.46 Yamada & Ikeda (2003)

(0.815–1.190)

Ammonia excretion rates
Mixed (19 species) 0.763 1–193 0.49 –1.6 to 28 2.01 –1.6 to 28 This study

(0.677–0.925) (0.28–0.69) (1.47–2.75)
Cyphocaris challengeri 1.292 0.60–12.66 Yamada & Ikeda (2003)

(1.080–1.503)
Themisto gaudichaudii 0.807 <10 James & Wilkinson (1988)

(0.726–0.889)
Themisto pacifica 1.366 0.21–3.50 Yamada & Ikeda (2003)

(1.059–1.674)
Themisto japonica 1.005 0.33–14.21 Yamada & Ikeda (2003)

(0.902–1.108)
Primno abyssalis 1.045 0.31–11.46 Yamada & Ikeda (2003)

(0.787–1.303)

Table 5. Effects of body mass (as the scale exponent of body mass = a2 of the regression model adopted in the present study) and temperature (= a3) on respiration and ammonia
excretion rates of pelagic amphipods. The a3 was assessed as activation energy (E a ) of Arrhenius equation or Q10 of Van't Hoff rule on DM body mass. basis. Values in
parentheses denote the range of 95% CI.

Amphipod species
Body mass effect Temperature effect 

  Reference
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Ikeda Fig. 2
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Ikeda Fig. 3
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Ikeda Fig. 4
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Ikeda Fig. 5
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