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Abstract: This review compares rates of oxygen uptake and intrinsic growth of very small invertebrate 

species near 20 "C with those of larger invertebrate and unicellular animals by means of the allometric 

relation (rate a Mb where M = mass). Respiration rates of small species of major invertebrate taxa are 

lower than those extrapolated for larger invertebrates but generally higher than those for protozoans of 

the same mass. Mass-specific rates of small metazoans and protozoans are lowered accordingly; 

therefore, their total food and oxygen consumption is likely to be small relative to that of large 

metazoans in average pelagic and benthic communities where most of the biomass is in large animals. 

The exponent b for each of the major taxa treated here tends to be near 0.75 rather than close to unity. 

Thus, the respiration of these taxa is about as mass dependent as that of large animals. Metabolic 

reduction is set in relation to small adult size as such, and previous inferences about the phylogeny of 

metazoan metabolism do not seem warranted any more. Intrinsic growth rates of benthic rotifers and 

marine free-living nematodes are not only lower than those extrapolated for larger invertebrates but 

fall below those for protozoans of the same mass. Among benthic harpacticoid copepods, a slight 

reduction relative to mass-scaled large invertebrates is indicated. Pelagic freshwater rotifers do not 

exhibit this reduction. Intrinsic growth rates of pelagic freshwater cladocerans are independent of adult 

mass and not clearly higher than those of the few pelagic copepods studied. Future research into the 

physiological reasons for mass dependence of metabolism and growth should focus on unicellular or 

small multicellular species because of their short generation times 

INTRODUCTION 

This paper sets out from two earlier, unrelated 

hypotheses concerning the evolution of metazoan 

metabolism and the protection from invertebrate pre- 

dation provided by very small body size. It reviews 

laboratory measurements of rates of respiration and 

optimal growth, largely of aquatic species. It seeks to 

put such data into a framework by which rule and 

exception may be recognized and which is amenable 

to future first-principle explanations of a physiological 

or ecological nature. The main result is that the small- 

est invertebrates are not simply scaled-down versions 

of the larger species in respect to oxygen uptake and 

intrinsic growth but that large reductions are apparent. 

These are related to small body size (mass) as such, 

rather than to the phylogeny of metazoan metabolism. 

The paper does not formally test the predation refuge 

hypothesis but provides indirect support by demon- 

strating lowered rates of respiration and intrinsic 

growth which were previously inferred to be possible 

evolutionary consequences of lowered predation and 

hence, mortality. 

The dependence of rates of respiration (q) and intrin- 

sic growth (r,) on body mass is described by power 

functions, q = aMb and r, = c M - ~ ,  where M = body 

mass, and a through d = coefficients; a and c will be  

called proportionality coefficients. The Exponent b in 

the respiration equation for between-species compari- 

sons is close to 0.75 for most organisms (Hemmingsen, 

1960; for the mass-specific rate q/M, b is -0.25). 

McMahon (1973) and Blum (1977) presented argu- 

ments for the derivation of exponents of 0.75 from first 

principles (cf. Platt and Silvert, 1981, for more recent 

work). Further, the proportionality Coefficient a for 

poikilotherms is about 8 times that for unicellular 
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organisms (Zeuthen, 1953; Hemmingsen, 1960) so that 

a small metazoon shouId have that much higher a 

metabolic rate than a protozoon of the same body mass. 

Respiratory rates of very small invertebrates, how- 

ever, seem to be smaller than would be the case were 

they scaled-down versions of large poikilotherms 

(Zeuthen, 1953; Hemmingsen, 1960); yet the rates are 

still higher than those of unicellular organisms when 

differences in body mass are taken into account 

(Fig. 1) .  Zeuthen (1953) suggested that these inter- 

mediate respiration rates follow a mass dependence 

Fig. 1. Rate of oxygen uptake as function of wet body mass at 

20°C. (1) Unicellular species; (2) large poikilotherms (both 

from Hemmingsen 1960; broken sections, extrapolated); (3) 

nematodes (from Klewkowski et al., 1972; 5 new values not 

included in regression); (4) enchytraeid oligochaetes, large 

specimens (see 'Methods', 'Results'); (5) mites (see 

'Methods'). See 'Methods' for other, individual data points 

with a n  Exponent b - 0.95; Prosser (1973: p.194) 

accepted this view. Zeuthen (1953; see also Zeuthen, 

1970) further thought that near-direct dependence ( b  

close to unity) reflects the phylogenetic transition from 

the relatively low protozoan to the high metazoan 

rates. He  supported his opinion by observations on an  

apparent ontogenetic recapitulation of phylogeny (cf. 

additional ontogenetic data on oxygen uptake in Wil- 

kie, 1977). 

In contrast, Klekowski et  al. (1972) calculated a n  

Exponent b of 0.72 for tree-llving nematodes and some 

nematodes parasitizing plants (Fig. 1). For Collembola 

ranging from about 0.5 to 2000 kg dry mass, I estimate 

a n  exponent near 0.75 from Fig. 12 in Petersen (1981, 

for 10 "C; see also earlier calculations of 0.74 by Zink- 

ler and 0.73 by Persson and Lohm [cited from Petersen, 

19811). Atkinson (1976), using largely the same data 

base as Klekowski et  al., noted that the proportionality 

Coefficient a fell between Hemmingsen's (1960) val- 

ues for unicellular and poikilothermic organisms. In 

her not formally published thesis, Dewey (1976) also 

recalculated literature data for very small inverte- 

brates, separating them into 3 phyla. She observed that 

the b values did not differ significantly from 0.75, and 

that the a values were intermediate between those 

for Hemmingsen's equations for unicellular and 

poikilothermic organisms. Dewey confirmed Hem- 

mingsen's equation for unicellular forms with pub- 

lished, more critically chosen measurements. The pres- 

ent  paper re-evaluates and expands Dewey's data base 

for metazoans but arrives at results similar to hers. 

An explanation for the lowered respiratory rates of 

the smallest invertebrates, different from that by 

Zeuthen (1953, 1970), was proposed by Banse and 

Mosher (1980). We demonstrated that the P/B quotients 

(production/mean biomass, on an  annual basis) of 

temperate field populations of species from 5 major 

invertebrate phyla, including 4 of the major classes of 

arthropods, can be scaled by body mass at first matu- 

rity with 1 allometric relation. However, the P/B of the 

smallest planktonic and benthic invertebrates are 

appreciably lower than calculated from that equation. 

Assuming that population biomass is relatively con- 

stant from year to year, we noted that lower production 

is equivalent to lower mortality. On this basis, w e  

postulated that very small body size (as in phytoplank- 

ton, rotifers, copepod nauplii, and meiobenthic 

nematodes) provides refuge from predation, thus 

reducing a major cause of mortality. Although not 

explicitly stated by us, the predators would be inverte- 

brates. We also remarked that small animal species 

would possess high specific growth rates requiring 

very high daily rations (e. g. equal to body mass) so 

that there must be selection pressure to reduce this 

demand. Lowered mortality resulting from small size 

would permit lowered population growth rates. Now, if 

these were accompanied by lowered specific growth 

rates (cf. observed lower population P/B), rations 

would on the average be  smaller and may be accom- 

panied by lowered specific respiratory rates, owing to 

a lesser expenditure of energy for food gathering and 

biosynthesis. This explanation refers to small size as 

such, is - in contrast to Zeuthen's attempt - not 

restricted to the primitive metazoan phyla, and is 

strengthened here by the inclusion of adult crusta- 

ceans. 

Refuge from predation which permits lowered popu- 

lation growth rates in the field might be reflected in 

lowered intrinsic growth rates. Therefore, the mass 

dependence of optimal (laboratory-determined) intrin- 

sic growth rates (r,) of very small metazoans is also 

reviewed. As with the data on oxygen uptake, taxa 

were chosen on the basis of availability of observa- 

tions. Previously, Fenchel (1974) showed that the 

Exponent d of the allometric equa t~on  for such mass 

dependence is -0.275 for unicellular and poikilother- 

mic forms (not significantly different from -0.25, see 

Banse, 1979); the proportionality Coefficient c for the 
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latter is roughly twice that for the former, in analogy to 

the discussed respiration equations. Elsewhere, I 

review the mass dependence of optimal growth rates of 

unicellular algae and compare it with that of ciliates 

(Banse, 1982). That paper a s  well as the present one 

suggests that the rules of mass dependence of r, are 

not so obvious as they seemed a few years ago. How- 

ever, small metazoans in the aquatic benthic realm do 

exhibit intrinsic growth rates materially reduced rela- 

tive to those calculated by the equation for larger 

metazoans. 

A brief section at  the end treats net growth effi- 

ciency. It combines between-species equations for oxy- 

gen which are largely based on measurements on 

(adult) specimens, with the intrinsic growth rate which 

is a population parameter. The section illuminates the 

present inadequacy of the data base alluded to earlier 

in the review. 

Because this paper depends entirely on experimen- 

tal observations by others, a n  extensive methods sec- 

tion describes the criteria and conversion factors 

employed during extracting the data. The intent is not 

only to list the values but to permit others to check the 

selection on which the results are  based. 

METHODS 

Body Mass 

Wet mass was used for Figs. 1 and 4 as most of the 

original data were in this form. For simplicity, a 

density of 1.0 was assumed when converting body 

volume to wet mass. Dry mass was utilized in Figs. 2, 3 

and 5 to facilitate future reference. For some rotifers, 

dry mass was estimated from their protein content in 

Pourriot and Deluzarches (1970). For 1 rotifer, the 

nematodes, and the enchytraeids, dry mass was 

assumed to be 15 % of the wet mass. The wet masses of 

2 polychaetes, Hesionides arenaria and Stygocapitella 

subterranea (Fig. l), are 15 to 18 pg and 60 to 80 pg, 

respectively (P. Lasserre, in litt., for Lasserre and 

Renaud-Mornant, 1973). Dry mass of cladocerans at 

first reproduction (Fig. 5),  rarely given in the original 

papers (except Smith, 1963), was  usually computed 

from the formulae of Dumont et al. (1975) from length 

at first reproduction, either as in the original articles 

(from references 22, 24, 28, and 45 in Lynch, 1980: 

Table l), or as in Lynch (1980: Table l;  none for Moina 

reticulata), and Allan and Goulden (1980: Fig. 7, for 

Winner and Farrell, 1976). The average adult cladoce- 

ran body mass was calculated in the same manner from 

the mean of the body mass at  first reproduction and  its 

maximal value. The wet mass of cladocerans (Fig. 3) 

was taken to be 6.4 times this dry mass, as averaged 

from Richman (1958: Table 7), Dumont et al. (1975: p. 

84), and Pavlova (2 species, as cited by Ivleva, 1980: p. 

43). The wet mass of copepods was obtained by multi- 

plying the dry mass somewhat arbitrarily by 5 (Curl, 

1962; B. W Frost, pers. comm.). The wet mass of Para- 

leptastacus spinicauda studied by Lasserre and 

Renaud-Mornant (1973) is 3.0 to 3.5 @g (P. Lasserre, in 

litt.). Dry mass values for the harpacticoids Hasti- 

gerella leptoderma and Nannopus palustris, investi- 

gated by Vernberg et al. (1977) and kindly provided by 

B. C. Coull (in litt.), are 2.2 pg and 2.4 pg, respectively. 

Rates of Oxygen Uptake 

Most of the oxygen consumption rates were deter- 

mined at  20 "C but a few measured close to this tem- 

perature were converted using Krogh's (1916) standard 

curve. To obtain the rate for a particular nematode 

species from the observations by Wieser and Kan- 

wisher (1961) and Teal and Wieser (1966), a s  well a s  

for most rotifers and enchytraeids, the logarithms of the 

median masses among the individual experiments 

were entered into regression equations of log (mass- 

specific rate of oxygen uptake) on log (mass) rather 

than using arithmetic averages as was necessary for 

some species. The data sources are as follows. 

Pelagic rotifers: Females of 5 species were studied 

by Pourriot and Deluzarches (1970) and Pourriot 

(1973), and 1 by Ruttner-Kolisko (1972) and Doohan 

(1973). Of Doohan's measurement, the respiration of 

ovigerous females was used but the oxygen uptake by 

eggs subtracted. 

Free-living nematodes: Individual data were read 

from figures in Wieser and Kanwisher (1961) and Teal 

and Wieser (1966; J. M. Teal confirmed that the mea- 

surements were performed at 20 OC). The rates used by 

Ott and Schiemer- (1973) were kindly provided by F. 

Schiemer. Values were also read from figures in 

Wieser and Kanwisher (1960) and Atkinson (1973; 

Enoplus brevis, at  135 torr); for the latter 2 papers, the 

masses of large specimens were selected. Means for 

Panagrolaimus rigidus, measured by Klekowski and 

coworkers, were taken from Schiemer and Duncan 

(1974) and for 2 other species from Wieser and 

Schiemer (1977). The remaining data came from the 

summary by Klekowski et al. (1972: Table 11), omitting 

plant parasites and species No. 2 and 17 (the latter 2 

because of marked inconsistencies between body 

mass, respiration, and specific respiration values). 

Entered individually in Fig. 1,  but not included in the 

regression calculation, were the data for large speci- 

mens of 5 marine nematodes, read from plots of respi- 

ration on body volume by Warwick and Price (1979) of 

which I became aware only when completing the 
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manuscript. Very recent data (Laybourn, 1979; War- 

wick, 1981) in papers referred to in other contexts, 

were not depicted. 

Enchytraeids and soil mites: The mass-specific rates 

for oligochaetes were read from the figures in Over- 

gaard-Nielsen (1961) and O'Connor (1963, 1976; val- 

ues with labeling errors on axes omitted). These data 

were partially used also by Dewey (1976). The rates for 

the oribatid mites were taken from Luxton (1975: 

Appendix 2). 

Other meiobenthos: Two marine oligochaetes were 

studied by Lasserre (1971: Fig. 6), 1 mystacocarid by 

Lasserre and Renaud-Mornant (1971), and 2 

polychaetes and 1 copepod by Lasserre and Renaud- 

Mornant (1973). Two gnathostomulids were investi- 

gated by Schiemer (1973), the polychaete Manayunkia 

estuarina by Price and Warwick (1980), 1 species each 

of harpacticoid copepods by Lasker et al. (1970) and 

Teare and Price (1979; laboratory-reared animals), and 

2 species each by Coull and Vernberg (1970) and 

Vemberg et al. (1977). A regression equation was not 

computed for the harpacticoids since most of the 

habitat and experimental temperatures deviated 

greatly from 20 'C; values in Fig. 2 are for illustration 

only; they do refer to 20 'C. 

Intrinsic Growth Rates ( r d  

Because most data for metazoans were not compiled 

previously, more detail is provided here than in the 

section on respiration. Rates are based on laboratory 

work between 18" and 20°C unless otherwise noted. 

Maximal values, or means for multiple measurements 

by one author, were taken from the literature thereby 

neglecting lower values except for the cladocerans 

(Fig. 5). Thus, observed differences in r, within 

species were regarded as principally caused by culture 

conditions rather than genetic variation among collec- 

tions from different sites (for such genetic variability 

even within sites among rotifers, cf. King, 1972; Gil- 

bert, 1976: Clones 12C1 and 10C6). Only the newly- 

compiled values for 4 rotifers and 5 copepods are based 

on life tables (see also remarks under 'Cladocerans'). 

The sources or methods of approximation for the other 

species are listed below. Judging from the criteria 

proposed by Laughlin (1965: Fig. 5) for estimating the 

accuracy of estimates of r,, most of the intrinsic growth 

rates not based on life tables, but not signified here as 

rough approximations, are likely to be less than 10 % 

below the true r,. The letters b and p following the 

names of rotifers and copepods signify benthic or 

planktonic modes of life; the cladocerans are all plank- 

tonic. 

Hydroids: Protohydra leuckarti: r, = 0.078 d-' (Heip, 

1977). Volume and hence wet mass of 2 to 9 yg esti- 

mated from drawings in K. Muus (1966: Fig. l a )  and 

B. Muus (1967: Fig. 27). To combine data from 2 sites 

may lead to large errors (R. M. Warwick, i n  litt.) but 

these are unlikely to alter the position of the species in 

Fig. 4 so drastically that my argument is affected. 

Rotifers: Pre-1976, accurate r, values for planktonic 

species were chosen in consultation with J. M. Dewey 

(cf. Dewey, 1976: Table 2; not checked against Laugh- 

lin, 1965) who also gave advice on the body masses. 

Asplanchna girodi (p): r, - 0.52 d-l; wet mass, 14.8 pg 

(Robertson and Salt 1981; both values, read from 

figures, are apparently slight underestimates because 

of non-saturating food level, cf. their Figs. 5 and 8). 

A. sieboldi (p): r, = 0.58 d-'; wet mass, 25 yg (both 

geometric means, for saccate and campanulate mor- 

photypes, Clone 12C1, in Gilbert, 1976; values 

reduced from 22OC assuming a Qlo of 2.0; dry masses 

multiplied by 6.6). Brachionus calyciflorus (p): r, = 1.0 

d-' (Galkovskaya, 1963); wet mass, 5 pg (1.6 y. used in 

respiration equation). B. plicatilis (p): r, = 0.99 d-' 

(Ruttner-Kolisko, 1970, for 17%0S); wet mass, 1.5 pg. B. 

rubens (p and epizooic): r, = 1.14 d-' (Pilarska, 1972); 

wet mass, 1.1 pg. Euchlanis dilatata (p): r, = 1.22 d-' 

(reduced from 22°C value by King, 1967, assuming a 

Qlo of 2.0); wet mass, 2.7 p g  Lecane tenuiseta (b): 

r, = 0.228 d-I (Hummon and Bevylheimer, 1980); wet 

mass, 0.14 yg (from dimensions kindly provided by 

W. D. Hummon, i n  litt.). 

Crude estimates were attempted for 3 species but 

mortality before reproduction was neglected (only 1, 

with estimated mass, entered in Fig. 4). Epiphanes 

senta (p): r, of very roughly 0.7 d-' for amictic, and up 

to 1.2 d-' for unfertilized mictic females, for 16 to 17 "C, 

based on Ferris (1932), using a pre-fecund period of 

65 h,  the reported egg-laying rates, and assuming var- 

ying mean generation times of 65 h plus 1/3, and 1/2 of 

the mean fecund period. Lecane i n e m i s  (b): based on 

Miller (1931), I figured r, values between 0.33 and 0.38 

d-' from the observed rate of egg-laying of 24 (7.5 d)-', 

the first egg deposition by the end of the third day, and 

varying lengths of the fecund period, up to the reported 

mean of 5.9 d (Miller, 1931: Table 10); the true r, may 

be higher by almost 10 % (Laughlin, 1965: Fig. 5). Wet 

mass was estimated as 0.35 pg from Miller (1931: 

Figs. 2 and 3). Proales sordida (b?): r, may be unity or 

somewhat higher, to judge from Jemings and Lynch 

(1928: Tables 15, 18) for Population E for which the 

most complete data are available. Also this rate may 

underestimate the true r, by almost 10 % .  With a 

length of about 0.3 mm and a near-cylindrical cross- 

section, the species might be somewhat heavier than 

the largest rotifer in Fig. 4. 

Note that the laboratory data for rotifers used here 

refer exclusively to amictic females. Probably, this 
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restriction to parthenogenetic reproduction will not 

bias the conclusions (King, 1970). 

Free-living Nematodes: Except the first-named, sap- 

rophytic species, all others can be regarded as 

meiofauna members; only Plectus palustris lives in 

freshwater. Caenorhabditis briggsae: r, = 1.136 d-l; 

wet mass, 0.50 pg (both values at 5 X 101° bacteria 

ml-l, Schiemer 1982a, b), Chromadorina germanica: 

r, = 0.15 d-' (Tietjen and Lee, 1977: Fig. 1, for 26%0S); 

volume and, thus, wet mass of 0.6 to 0.7 pg from de 

Coninck and Schuurmans Steekhoven (1933: 

Figs. 49-51) and Andrassy's formula as in Prejs (1977). 

Diplolaimella chitwoodi: r, = 0.27 d-' (mean of 5 opti- 

mal values in Findlay, 1982: Table 1); wet mass, 0.4 pg 

(Findlay, 1981). Diplolairnelloides bruciei: r, = 0.23 

d-l; wet mass, 0.35 pg (Warwick, 1981). Diplolairnella 

sp. and Monhystera disjuncta, r, = 0.114 and 0.1 16 d-l; 

wet masses, 1.13 and 1.76 pg, respectively (r deter- 

mined by Alongi and Tietjen, 1980; reduced here to 

20°C assuming a linear decrease with temperature 

[Heip, 19771, r at 0°C taken to be zero; wet masses, 

pers. comm. J. H. Tietjen). Oncholaimus oxyuris: 

r, = 0.022 d-'; wet mass, 20 pg (Heip et al., 1978). 

Crude estimates (not entered in Fig. 4) were attemp- 

ted for the synthetic population of Chromadorita tenuis 

designed by Gerlach (1971: Fig. 2) and Plectus palus- 

tris based on measurements in Schiemer et al. (1980); I 

used the approximation of r, = In R,/T, where R, = net 

reproductive rate (i.e. number of female eggs); T = 

generation time (Laughlin, 1965); mortality is taken to 

be zero. Assuming for the former a sex ratio of 1 : 1 and a 

mean T of 32 d (see experimental data by v. Thun in 

Gerlach, 1971), an r, of 0.072 d-' is obtained; wet mass, 

1 pg. For the latter, parthenogenetic species, with a 

time span of 15 d from egg to egg at food level 10K, and 

a gradual increase of egg laying rate during the first 

five d, r, is about 0.23 to 0.26 d-l; wet mass, 1.5 pg. The 

same approximating formula was applied to the 6 

species studied by v. Thun (see Kinne, 1977: Table 

5-33), using the minimal rather than the mean genera- 

tion time, the average egg number, and a sex ratio of 

1 : l .  This yields rates of 0.10 to 0.12 d-' for 5 ,  and of 0.03 

d-l for 1 species. Among the 5 species, the value thus 

obtained for Monhystera disjuncta is 0.12 rather than 

the more accurate of 0.072 d-' calculated above, while 

that for M. disjuncta is 0.115, as in Alongi and Tietjen 

(1 980). 

Pelagic Cladocerans: The r, data for Fig. 5 (referring 

to parthenogenetic reproduction only), were taken 

from Lynch (1980: Table 2) without checking on the 

source material, and from Winner and Farrell (1976). 

Daphnia pulicaria in Lynch (1980: Table 2) was 

regarded as a synonym of D, pulex, following Frank et 

al. (1957). 

Copepods: Euterpina acutifrons (p): r, = 0.179 d-' 

(Zurlini et al., 1978; original value for 18"C, multiplied 

by 20/18 based on Heip's observation of 1977 of a 

linear increase of r with temperature); dry mass, 2.3 pg. 

Calanus pacificus (p) and Pseudocalanus sp. (p): calcu- 

lated by B. W. Frost (pers. comm.) from life tables for 

the first 3 clutches of eggs produced at 12 'C, assuming 

no mortality but a sex ratio of 1: 1 (although females are 

slightly favored), and converting to 15'C (for Fig. 5b) 

by a QIo of 2.0. The r, values and dry masses are 0.18 

d-I and 250 kg for the former, and 0. l l d-' and 16 pg for 

the latter; the consideration of additional egg laying 

does not alter the calculated r, greatly. Gladioferens 

irnparipes (p): r, = 0.207 d-' (Rippingale and Hodgkin, 

1974); dry mass of 12 pg (= 60 pg wet) from entering 

metasome length at 20 "C (Rippingale and Hodgkin, 

1974) into Robertson's (1968) formula for Centropages 

(model based on Thomson, 1946). Tachidius discipes 

(b): r, = 0.186 d-I (Heip and Smol, 1976); wet mass, 

10 pg (Heip, 1978). Tisbe holothuriae (b): r, = 0.23 d-l, 

wet mass, 33 pg (Gaudy and Guerin, 1978; original r, 

value for 18°C multiplied by 20/18, as for Euterpina, 

above). The r, determination of 0.30 d-' for 19°C by 

Gaudy and Gukrin (1977), likewise based on a life 

table, and Gaudy et al. (1982) were neglected because 

values for body mass could not be found. I made crude 

estimates of r, values of near 0.07 and 0.15 d-' for 

Microarthridion littorale and Tigriopus japonicus. For 

the former, 20 eggs for each of 3 clutches laid 3 d apart, 

a time from egg to egg of 42 d,  and a 1 : l  sex ratio were 

assumed (Palmer, 1980; Palmer and Coull, 1980). For 

the latter, an egg-to-egg generation time of 21 d with 

30 eggs per batch, laid 2.5 d apart, and a l :  l sex ratio 

were used (Takano, 1971), probably giving an overesti- 

mate of r. 

Calculations 

The dependence of respiration on body mass was 

calculated by linear, least-square regression technique 

from the log-transformed equation, log q = log 

a + b .  log M, with q in nl O2 h-' and M in pg. The 

intrinsic growth rate was handled in the same way. 

Statements about statistical significance are at the 

level of p = 0.05. 

For the purpose of illustration, the regression line by 

Fenchel (1974) for the mass dependence of r, in 10 

poikilothermic animals (essentially, laboratory-based 

data) was entered in Fig. 4. Also calculated was an 

invertebrate line using the same data, but excluding 

the cod because Banse and Mosher (1980) demon- 

strated that the specific production rates (on an annual 

basis) of fish are appreciably higher than those of 

invertebrates. As a result, the coefficient of determina- 

tion (R2) changed from 0.90 for poikilotherms, to 0.93, 

and the exponent of the new line was lowered from 
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-0.27 to -0.35 (C.I., -0.44 to -0.27). Equations for 

the same invertebrates after omitting first the rotifer 

and then the cladoceran both have exponents of - 0.36 

and practically identical intercepts a s  with the species 

(R?, 0.88 and 0.85; n = 8 and 7). The line excluding the 

rotifer and cladoceran was entered in Fig. 4. 

RATES OF OXYGEN UPTAKE BY METAZOANS 

Results 

The results are presented in 2 ways: Regression lines 

for small invertebrates with measurements of wet mass 

as the independent variable are compared in  Fig. 1 

with Hemmingsen's (1960) relations. Newer data 

which have not been incorporated in the regression 

lines are added for a gnathostomulid, nematodes, 

polychaetes, and marine oligochaetes. In contrast, 

Fig. 2 and Table 1 present regression equations based 

on dry mass or on suitable conversions to dry mass. 

D r v  Mass ("0)  

Fig. 2. Rate of oxygen uptake as function of dry body mass at 
20°C. (1) Unicellular eucaryotes (see Table 1; broken section 
extrapolated); (2) crustaceans (from Ivleva, 1980); (3) to (5) see 
Fig. 1; (6) rotifers (see Table 1). See 'Methods' for individual 

data points 

These lines are compared with those for a comprehen- 

sive crustacean equation based on numerous new 

observations (Ivleva, 1980: Table 3, second-to-last 

equation) and the equation by Dewey (1976) for the 

endogenous respiration of eucaryotic, heterotrophic 

unicellular organisms (i.e. without uptake of nutritive 

material; Table 1). The incorporation of newer data for 

ciliates (Khlebovich, 1974; Laybourn and Finlay, 1976 

[cf. comments in Fenchel, 19801; Laybourn, 1977) 

would increase the variance but otherwise support 

Dewey's equation. Ivleva and Dewey's lines (Fig. 2) 

are similar to those for the 2 equations of Hemmingsen 

(Table 1) and suggest a n  about 9-fold difference in the 

rate of oxygen uptake between crustaceans and unicel- 

lular organisms. 

Figs. 1 and 2 span a mass range equivalent to that 

represented by voles and elephants. They illustrate 

and confirm Zeuthen's (1953) and Hemmingsen's 

(1960) observation that rates of oxygen uptake by 

metazoan taxa with small-sized species tend to fall 

between those of 'average' large invertebrates and of 

protozoans when differences in body masses are taken 

into account. The exception are mites (Fig. 2), dis- 

placed slightly below the unicellular line of Dewey 

(1976) because of their unusually low water content 

(about half the wet mass). Among the copepods, the 

reduction appears to hold only for benthic forms: Even 

the harpacticoid species with the highest rate of oxy- 

gen uptake (Fig. 2) exhibits only about half the rate of 

seven planktonic copepods of about the same mass 

which cluster around the lower end of Ivleva's line 

(Fig 2). In other words, the proportionality Coefficients 

a of the equations for small metazoans are intermedi- 

ate between those of larger invertebrates and of proto- 

zoans. 

More importantly, statistics (Table 1) do not support 

the view of Zeuthen (1953. 1970; cf. Hemmingsen, 

1960; Epp and Lewis, 1980) that respiratory mass 

dependence among small invertebrates is near-direct 

Table 1. Relations between rate of oxygen uptake q, nl O2 (individual X h)- ' ,  and bodily dry mass, M (pg), at 20 'C. Coefficients 
for log-transformed equation, q = a Mb; C. I . ,  confidence interval, p = 0.05 

Group n log a C. I. b C. I. R 

Nematodes 62 .73 .64 to .81 .76 .65 to .86 .78 
Rotifers 6 .72 .55 to .89 .52 .21 to .82 .85 
Enchytraeids 27 .74 .53 to .93 .85 .77 to .94 .95 
Mites 10 .38 -.0.9 to .86 .67 .34 to .99 .?4 
Unicellulars' 2 1 .34 .20 to .48 .74 .66 to .82 - 
Unicellulars' ' many .43 .21 to 55" ' .76 .72 to .80 - 
Poikilotherms' ' many 1.29 1.15 to 1.43"' .74 .72 to .76 - 

Dewey (197 6), only eucaryotes 
" Hernmingsen (1960), converted to dry mass basis; includes bacteria and mammalian blood parasites 

m ' 
For smoothed lines with exponent of 0.751, see Hemmingsen (1960) 
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(i.e. Exponent b is close to unity). Instead, it is more 

likely that the dependence follows that of all living 

things, i.e. around 20°C, Exponent b is indistinguish- 

able from 0.75. The trend for the few values for harpac- 

ticoid copepods in Fig. 2 suggest an  exponent near 

unity but the data are neglected for this conclusion 

because few were actually determined at 20°C (see 

temperature dependence of b, below). As mentioned in 

the 'Introduction', exponents near 0.75 had been estab- 

lished previously for some of the groups in Table 1,  as 

well as for Collembola. 

for rapid movement adds only little to this 'resting' 

metabolism (Santmyer, 1956; Lasserre and Renaud- 

Mornant, 1971; McAllister, 1971: p. 107; Foulds and 

Roff, 1976; Klyashtorin and Kuz'micheva, 1976; how- 

ever, 53 % in Vernberg e t  al., 1977) so that the expense 

for slow swimming must be  small indeed, relative to 

the maintenance metabolism. Therefore, most of the 

difference in metabolic rate between the pelagic 

copepods as representing large invertebrates and pro- 

tozoan~  in Fig. 2 cannot be explained yet. 

Excretion Rates 

Discussion 

Invertebrates Versus Protozoans 

Figs. 1 and 2 comprise data from a variety of phyla, 

including arthropods, which exhibit a lowered propor- 

tionality Coefficient a. Therefore, intermediate respi- 

ration rates are not restricted to primitive metazoans, 

contrary to Zeuthen's (1953) view mentioned in the 

'Introduction'. I suggest instead that the reduction is 

related to small physical size as such and is the 

evolutionary consequence of the predation refuge sug- 

gested by Banse and Mosher (1980; cf. Banse, 1982, for 

rotifers): Reduced mortality in populations of small 

species permits lowered rates of production and hence, 

of ingestion rates and metabolism. There must be a 

premium on selection for lowered food requirements 

per unit body mass and time in organisms which have 

to consume daily the equivalent of approximately their 

own body mass, or more, in order to survive. 

Because the metabolic reduction discussed here is 

not restricted to primitive metazoans, inferences like 

those by Zeuthen (1953, 1970) about the phylogeny of 

the metazoan metabolism which are based on such 

evidence, do not seem warranted any more. The new 

results, however, do not answer the related question 

why the larger, average adult metazoon operates on a 

metabolic level which surpasses that of a mass-scaled, 

average protozoon by 8 or 9 times. Small metazoan 

taxa as in Figs. 1 and 2 demonstrate that metazoans 

can occupy many habitats successfully, and with a 

great diversity of species, while being supported by 

rates of oxygen consumption that are 2 to only a few 

times larger than those of protozoans of the same mass. 

The higher metazoan metabolism has little to do with 

energy spent on movement. Note that the poikilotherm 

line in Fig. 1 and the nearly coinciding crustacean line 

in Fig. 2 are based on resting metabolism, to the 

degree that this exists or can be measured in inverte- 

brates: the oxygen uptake in pelagic copepods was 

studied while they were slowly swimming. However, 

for the small species in Fig. 2, the energy expenditure 

Metabolic rates other than respiration, e.g. of nitro- 

gen excretion, must scale to body mass with the same 

exponent, since otherwise organisms of greatly differ- 

ing size which feed on the same kind of food in terms of 

chemical constituents (e.g. phytoplankton or grass) 

would differ in their gross chemical composition. 

Indeed, of 4 comparisons of exponents of mass depend- 

ence for oxygen uptake and ammonium excretion by 

zooplankton (Ikeda, 1974), and 2 sets for planktonic 

crustaceans (Vidal and Whitledge, 1982) 4 pairs are 

almost identical, while 2 do not differ significantly and 

show trends opposed to each other; the dry masses 

range approximately from 10' to 105 pg. Also the 

directly-determined C:N ratios in zooplankton, span- 

ning almost the same size range, are  not mass depend- 

ent  (Ikeda, 1974); neither are those of rabbits and 

elephants. Hence, a picture quite similar to Fig. 2 must 

hold for the nitrogen and phosphorus excretion rates. 

Johannes (1964) though, reported a large change of 

exponents in equations for mass dependence of phos- 

phorus excretion rates, from 0.67 in large to 0.33 in 

small animals, at  about 1 mg dry mass. I suggest that 

these observations were in error (see also comments on 

the experimental results by Taylor and Lean, 1981). 

Taylor and Lean further showed that uptake of phos- 

phorus in such ciliates occurs principally by feeding. 

Therefore, independent of my above argument about 

similarity of exponents, I note that the high turnover 

rates of body phosphorus measured by Johannes in 

small animals (cause of the small Exponent b), e.g. of 

14 min for a ciliate of about 0.4 ng dry mass, are 

unlikely: the animals cannot nearly devour the equiva- 

lent of their own body weight in that time (cf. Fig. 2 in 

Fenchel, 1980). 

Mass-Specific Rates 

In ecological contexts, mass-specific rates are often a 

more useful tool than rates per animal. Accordingly, 

Fig. 3 illustrates the mass range from quite small 
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pelagic or benthic ciliates to fair-sized pelagic 

copepods and cladocerans; the range includes much of 

the benthic meiofauna. The figure indicates that oxy- 

gen uptake and nutrient regeneration by ciliates in the 

1 oO 
1c3 to2 16' 10' 10' 102 

- 
C 

Dry  Mass (pg) 

Fig. 3. Mass-specific rate of oxygen uptake as function of dry 

body mass at 20°C. (1)  Unicellularspecies; (2) crustaceans; (3) 

nematodes; (6) rotifers. For Lines 1 ,  2, and 6, see also Fig. 2; 

for Line 3, see Fig. 1 

plankton approximately matches that by copepods 

only if the ciliates are all small and equal the total 

biomass of the copepods. Usually, of course, the ciliate 

biomass is only a fraction of the crustacean biomass. 

On independent grounds, I elsewhere commented on 

the long-standing issue of the role of ciliates in the 

marine pelagial and suggested that their food con- 

sumption is on the average much lower than that by 

copepods (Banse, 1982). A similar statement although 

with less confidence (Table 1) can be made for oxygen 

consumption by pelagic rotifers in relation to that by 

copepods or ciliates. Also in the benthos, the difference 

in proportionality Coefficients a of the allometric equa- 

tions will cause the meiofauna (e.g. nematodes) to be 

less important relative to the macrofauna than is often 

suggested. Likewise, the seeming importance of cili- 

ates relative to the metazoan meiofauna (cf. Fenchel, 

1978, and references therein) fades somewhat. The 

obvious admonition, though, is that individual species 

can greatly (at least by a factor of 2 ) deviate from the 

average relation for the taxon; if such species happen 

to dominate a community, the use of equations as 

given here is of little utility (cf. simulation model by 

Frost, 1980). 

Caveats 

It would be unwise to go much beyond the above 

statements and especially, to take the values for a and 

b in Table 1 too seriously. First and most importantly, 

there may be a bias (systematic error) in the original 

data. The papers reviewed here estimated oxygen con- 

sumption after removing food from the experimental 

animals: this holds also for the articles used by Dewey 

(1976) in the equation for unicellular heterotrophs in 

Table 1 and Fig. 2 (endogenous respiration rates). The 

approach is likely to lead to a reduction of metabolic 

rate but since most of the data used here were based on 

manometric measurements with successive readings to 

check the constancy of the rate, drastic changes if any 

would have to have occurred in approximately the first 

half to two hours, between removal from the food 

source and the first reading. On the basis of observa- 

tions reviewed below, I cannot exclude an underesti- 

mate of respiration rates by the equations in Table 1 by 

a factor of 2 or more for the unicellular species, and by 

a factor of less than 2 for the small metazoans. Neither 

bias would alter the principal points of this paper. For 

heterotrophic protozoans, J. M. Dewey (pers. comm. of 

literature-derived data) also gathered oxygen con- 

sumption rates for osmo- or phagotrophically feeding 

cells or cultures at 20°C (i.e. for exogenous respira- 

tion). Within 9 species (1 with 2 strains) I find that the 

mean ratio of exogenous over endogenous respiration 

is 4.2 (S.D., 3.5; median, 3.4; range 1.1 to 11.0). In 

contrast, Dewey (1976) determined a ratio of about 2 

for the large dinoflagellate Noctiluca miliaris after 

24 h without food, but measured only a small decline 

for the normal length of measurements of oxygen 

uptake. The nutritional status of protozoans under field 

conditions is not well known. I have inferred that 

ciliates in the average situation in the marine pelagial 

are severely food-limited (Banse, 1982) so that at least 

for them, the equation presented here might remain 

relevant. 

Similar comparative material is scarce for small 

metazoans. Zeuthen (1947) observed occasionally a 

continuous decline of oxygen uptake and named lack 

of food as one possible cause. He regarded the elimina- 

tion of food-associated, elevated metabolism as a vir- 

tue of his data, making them more comparable to the 

basal metabolism of larger animals on which the ordi- 

nary equations for mass dependence of respiration are 

based. The observations for starvation effects in plank- 

tonic copepods for periods of about half a day are 

ambiguous (Marshall, 1973; Ikeda, 197?a, b; Le 

Borgne, 1979); effects if any, seem to be slight. For 

benthic meiofauna, Santmyer (1956) observed an 

approximate halving of the rate of oxygen uptake in a 

nematode following 24 h of starvation (which is much 

longer than most respiration measurements last). Con- 

versely, Vernberg et al. (1977) reported for a sand- 

dwelling copepod that absence of sand in the respira- 

tion chamber enhanced oxygen uptake by 53 %. Thus, 

a number of sources of bias may be hidden in respira- 

tion measurements. However, the comparison of 

pelagic and meiobenthic copepods in Fig. 2 which, 

because of similar size, might show similar reactions to 
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starving suggests that the difference in the proportion- 

ality Coefficient a between the larger and smaller 

metazoans treated here is not an artifact. 

Second, the confidence intervals of the equations are 

appreciable. They may be caused by experimental 

technique as discussed and/or real differences in oxy- 

gen uptake among species of the same mass. Further, 

groupings by modes of life within nematodes yield 

markedly different proportionality Coefficients a 

(Klekowski et al., 1972; Ott and Schiemer, 1973) but 

the number of species from each of these groupings 

utilized here for the nematode equation was not con- 

trolled, i.e. was arbitrary (see Banse et al., 1971, and 

Petersen, 1981, for ecological differences among other 

invertebrates); improper grouping or lumping will 

contribute to variability. 

Third, variability is introduced by the choice of the 

independent variable, the body mass. For example, the 

median mass of experimental animals was used for the 

enchytraeid equation in Table l and Fig. 2 (see 

'Methods'). If instead, body mass of large specimens is 

employed, the exponent of the respiration equation 

becomes 0.88 (C.I., 0.79 to 0.96) rather than 0.85 as in 

Table 1; the calculated rates of oxygen uptake of ani- 

mals of equal mass would then be about 17 and 4 % 

higher at the lower and upper ends, respectively, of the 

mass range of concern. This raises the general ques- 

tion: Which ontogenetic size range is representative or 

preferable in inter-specific comparisons of taxa where 

adult masses vary widely, as for instance in annelids, 

bivalves and fishes (Zeuthen, 1953: Fig. 5;  1970: 

Fig. 7)? Further, the use of wet masses for individual 

species of mites (rather than of an average conversion 

factor) yielded a relation between oxygen uptake and 

wet body mass with an exponent of 0.73 instead of 0.67 

as in Table l (the exponents do not differ significantly 

as is also true for the comparison between median and 

large body masses of enchytraeids). Ikeda (1970: 

Table 4) provides other examples for this issue. Thus, 

before new compilations of the kind presented in 

Table 1 are made, it would be wise to test whether the 

wet mass/dry mass ratio, e.g. in nematodes, is linear or 

mass-dependent as in metazoan eggs (Strathmann and 

Vedder, 1977). If the ratio is non-linear, the exponents 

of the respiration-body mass relation would be altered 

accordingly. Finally, it seems undesirable to use raw, 

individual measurements (as in Banse et al., 1971; 

Ivleva, 1980) for equations which describe between- 

species relations unless the number of points for each 

species is the same and thus no unintentional weight- 

ing of the equations is involved. 

Fourth and last, the exponent of mass dependence of 

oxygen uptake may depend on temperature. It 

increases from about 0.6 at somewhat below 30°C to 

about 0.8 at 0°C among crustaceans (Ivleva, 1980) and 

planktonic animals in general (Ikeda, 1974; cf. recalcu- 

lation of his crustacean data by Laws and Archie, 1981, 

and by Vidal and Whitledge, 1982: Table 2). A similar 

trend is apparent for an  oyster (Dame, 1972), within 

fish species (Prosser, 1973: p. 194), and within an 

intertidal amphipod (Venables, 1981). For a nematode, 

however, the exponent increased with temperature 

(Laybourn, 1979). Temperature dependence of the 

exponent was not observed among planktonic crusta- 

ceans by Vidal and Whitledge (1982; see also intra- 

specific trends in Collembola [Peterson, 1981: 

Table l ] ) .  

These issues suggest the need for a wholesale 

review of mass dependence of respiration rate among 

invertebrates rather than continued adding of new 

data. I wonder whether Hemmingsen (1960) was right 

in calculating one line comprising invertebrates and 

poikilothermic vertebrates; with the data available to 

him, there was little reason not to do so (cf. his Figs. 7, 

8) except that Winberg (e.g. 1956, cited from Winberg, 

1976) pointed out already the high proportionality 

Coefficient a of fish. Hemmingsen had also noted that 

the low a values for intraspecific respiration/mass 

equations of some invertebrate species - e.g. turbella- 

rians, earthworms and leeches - with wet mass up to 

several g fell well below his poikilotherm line. The 

same holds for the invertebrate data in Banse et al. 

(1971; note that their equation on p. 37 should have 

contained a positive c term, and that all c values in 

Table 2 should have been negative). Thus, smaller 

groupings than in Hemmingsen (1960) should be com- 

pared. Further, statistical effects on the exponents of 

allometric equations by error (variability) in the inde- 

pendent variable should be considered (Jolicoeur and 

Heusner, 1971; Jolicoeur, 1975; Ricker, 1975); the error 

can be serious unless large mass ranges are studied. 

Finally, it may be desirable to use non-linear fitting 

procedures on the untransformed data (cf. Glass, 1969). 

Developmental Stages 

So far in this paper, mass-scaled rates were related to 

the mass of adults. Further, the hypothesis of a preda- 

tion refuge afforded by small size was established by 

comparing population production rates. However, if 

the refuge operates on small physical size as such, it 

may extend also to developmental stages of a species, 

as already suggested by Banse and Mosher (1980) and 

supported by evidence regarding nauplii of pelagic 

copepods: small nauplii suffered lower predation mor- 

tality than larger ones of the same species (see also 

experimental data in Lewis, 1979: p. 104, on lower 

mortality of younger stages within species). Now, if 

reduced predation pressure on populations of small 
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species ultimately leads to a reduction of oxygen 

uptake of adults as described above, developmental 

stage falling into the appropriate size range might 

show the same effect of an oxygen uptake lowered 

relative to the prediction from the allometric equation 

for the large stages. Indeed, nauplii of 4 species of 

pelagic copepods (Klekowski and Shushkina, 1966; 

Epp and Lewis, 1980) have appreciably lower rates of 

mass-scaled oxygen uptake than their copepodites. 

The reduction of naupliar metabolism may be present 

in a 5th species (only at 1 out of 5 temperatures, 

Laybourn-Parry and Strachan, 1980) but was not 

observed in 2 other species (Newrkla, 1978; Teare and 

Price, 1979). 

These examples might be taken as supporting the 

generality of lowered metabolic rates for smaller meta- 

zoan species. Alternatively, the lowered rates and a 

mass dependence with an exponent near unity, may be 

nothing but a general phenomenon also observed in 

the ontogeny of larger metazoans (see Zeuthen, 1953, 

1970; Prosser, 1973; Epp and Lewis, 1980, for discus- 

sion; Wilkie, 1977, for data on man, and reference to 

fishes; and RiisgArd et al., 1980 for a mussel). 

INTRINSIC GROWTH RATES OF METAZOANS 

Results 

The principal results of this first review of mass 

dependence of intrinsic growth rates of very small 

metazoans are illustrated in Fig. 4: There is no simple 

relation among the species of the benthic meiofauna 

and the taxa of the smallest planktonic metazoans; 

among the benthic species, however, the majority 

shows marked reduction below the expectation from 

the general invertebrate line. 

Specifically, the r, values of the meiobenthic hydro- 

zoan and all meiobenthic nematodes are well below 

the mass-scaled rates for the large invertebrates and 

actually well below an extension of the protozoan line 

(Fig. 4) .  One saprophagous, free-living nematode, 

however, reaches an r, above 1.1 d-l, and the resulting 

scatter in the nematode values mitigated against cal- 

culating a regression equation. The depicted low 

meiobenthic nematode data are supported by a 

number of estimated values: Chromadorita tenuis, of 

l pg wet mass, may possess an r, of 0.07 d-' (see 

'Methods'). Similarly, Monhystera filicaudata with a 

wet mass of approximately 0.03 pg (estimated from 

Schuurmans Steekhoven, 1935) can under the best of 

circumstances, i.e. a temperature well above 20°C, 

have achieved only about 0.12 d-' (from Tietjen, 1967). 

For 4 additional species studied by v. Thun (see 
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Fig. 4. Intrinsic growth rate as function of wet body mass at 
20°C. (1) Unicellular species; (2) poikilotherms (both from 
Fenchel, 1974); (3)  larger invertebrates calculated from Fen- 
chel (1974; see 'Methods'); (4) envelop for cladocerans (from 
Fig. 5, converted to wet mass). Full symbols, meiobenthos; 
open symbols and Acartia spp., plankton (n,  first nauplius; A, 

adults). Horizontal lines indicate ranges of mass 

'Methods') I estimate r, values of approximately 0.10 

to 0.12 d-' for 3 , and 0.03 d-' for 1 species. Finally, the 

low egg numbers (sex ratios not known) and long 

average generation times for 6 additional species in 

Zaika and Makarova (1979: Table 1; 20°C values) do 

not lend themselves to high r, values either (< 0.12 

with 1 exception which still is < 0.2 d-l). In contrast, I 

estimate a rate of 0.23 to 0.26 d-' for Plectus palustris, 

of 1.5 pg wet mass at first maturity, from measurements 

at high food concentrations but without considering 

mortality prior to maturity (see 'Methods'). Perhaps it is 

significant that this species, as well as Caenorhabditis 

briggsae with an r, of 1.14 d-', is hermaphroditic. 

The 2 data points for benthic harpacticoid copepods 

(Fig. 4) are also below the ceiling suggested by the 

invertebrate regression line but are similar to those of 

planktonic crustaceans. Other low r, values for 

benthic harpacticoids at 20°C, not accompanied by 

mass data, follow: Paronychocamptus nanus, 0.113 d-' 

(Heip, 1977); Tisbe persimilis and T. reluctans, 0.098 

and 0.114 d-' (Volkmann-Rocco and Fava, 1969; both 

values adjusted for 20°C [see 'Methods' under Euter- 

pina]); and roughly 0.15 d-' for Tigriopus japonicus 

(from Takano, 1971, see 'Methods'). Also the r, for 

Scottolana canadensis cultured by Harris (1977) can 

barely have been above 0.10 d-l, and the rate of the 

meiobenthic Microarthridion littorale cannot be much 

higher than 0.07 d-' (see 'Methods'). Larger values, 

however, of 0.21 and 0.32 d-' were estimated for Tisbe 

clodiensis and T. dobshanskii (adjusted to 20°C as 

above; Volkrnann-Rocco and Fava, 1969, as improved 

by Volkmann-Rocco and Battaglia, 1972), and of 0.3 d-' 

by Gaudy and associates for T holothuriae (see 

'Methods'). Note also that Feller (1980) several times 

observed r, values between 0.10 and 0.15 d-' (once 
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above 0.2) for Huntemannia jadensis, with about 30 to 

75 pg adult wet mass, at a cool-temperate field site 

where the daily average temperatures hardly ever 

approached 20°C. Thus, the harpacticoid data do not 

show clear trends. 

The small benthic rotifers Lecane inermis and L. 

tenuiseta have quite low r, values, near 0.3 d-'. For the 

non-pelagic Notommata copeus, Pourriot and Clement 

(1975) reported a n  r, of 0.47 d-l at  23 "C. Similarly, the 

sedentary species Floscularia conifera, studied by 

Edmondson (1945), must have a very low intrinsic 

growth rate. For other sessile or benthic rotifers, very 

low numbers of eggs were observed (Remane, 1929) 

which were not accompanied by extraordinarily short 

generation times (cf. Edmondson, 1946: Table l ) .  

Hence, the r, values must be  low. 

In contrast, the 6 points in Fig. 4 for planktonic 

rotifers are clearly as high as one would expect if a 

single allometric equation is valid for all invertebrates. 

Similarly high values can be gleaned (see 'Methods') 

for unfertilized mictic females of Epiphanes senta 

(planktonic in temporary pools) and the sluggish 

Proales sordida (from a genus with epizoic and epiphy- 

tic members). 

Intrinsic growth rates for planktonic cladocerans at 

20 "C (Fig. 5) do not show dependence on mass at first 

maturity. Similar r, values can be read for 3 other 

cladoceran species from Allan and Goulden (1980: 

Fig. 9). The same absence of mass dependence is found 

when r, (20°C) is plotted on mean adult mass (not 

shown), or r, (15 "C; Fig. 5b) and r, (25 "C; not shown) 

on mass at  first maturity. The r, values of the 4 pelagic 

copepods (Fig. 5a,  b) are indistinguishable from those 

of the cladocerans and likewise do not suggest a pro- 

nounced dependence on mass. 

Finally, the consequences of lowered predation 

pressure inferred by the predation refuge hypothesis 

are illustrated for developmental stages of 2 species of 

the pelagic copepod genus Acarfia. These species have 

age-independent specific growth rates (Miller et al., 

1977) so that the time course of formation of new 

organic matter by an  individual is like that by a proto- 

zoan culture unlimited in food. Thus, it is appropriate 

to compare an  instantaneous growth rate for a meta- 

zoon with protozoan r, values which are properties of 

populations. The specific growth rate is taken from the 

20°C - plots of mass on time during the ontogeny of a 

specimen, for A. clausi from Landry (1978) and A. tonsa 

from Miller et al. (1977). Fig. 4 demonstrates that 

indeed, nauplii and copepodites of the 2 Acartia 

species grow slowly relative to other mass-scaled 

planktonic animals, while the adults fall on the line for 

the Population r, of larger invertebrates. Instantane- 

ous growth rates for nauplii of 4 other planktonic 

copepod species with eggs of very approximately 1 yg 

mass are similarly low at comparable temperatures 

(Mullin and Brooks, 1970; Harris and Paffenhofer, 

1976; Paffenhofer and Harris, 1976 [see critical remark 

by Vidal 1980: p. 208 on the methodology in the 2 latter 

papers, suggesting underestimates of rates]). 

Discussion 

Meiobenthos 

Focussing first on benthic species, Fig. 4 and  sup- 

porting data in the text show that the optimal growth 

rates of meiobenthic nematodes are markedly lower 

than those of other nematodes or groups of small 

invertebrates. As mentioned, it is too early to tell which 

form the mass dependence of r, may take for this 

group, although Fig. 4 suggests a power function for 

the meiobenthic species with an exponent well below 

-0.25. Also the r ,  values of benthic rotifers seem low; 

however, recent observations are few. My inferences of 

low intrinsic rates in benthic rotifers studied by earlier 

authors but not depicted here are based on low egg 

numbers (even below 10 female-'; egg  numbers are 

genetically fixed and hence little affected by culture 

conditions) and on observed slow developmental rates 

or long generation times; but then, the older literature 

also contains some laboratory observations of low 

reproductive rates for planktonic rotifers (Edmondson, 

1946: Table 1). It is difficult to decide now how much of 

the calculable low r, is intrinsic and how much is 

artifact. 

Small r, values may be  also the rule among cladoce- 

rans that are not truly pelagic. The rates for the 5 

littoral species in Allan and Goulden (1980: Fig. g), all 

belonging to the Chydoridae, are clearly below (by 1/3 

to 1/2) those of pelagic forms treated here, and by and  

large even below those of copepods. In contrast, within 

the copepods considered here, a segregation of rates 

according to habitat (benthos vs. plankton) or tax- 

onomic relation (harpacticoids vs. calanoids) is not 

apparent, and the rates of benthic species are only 

slightly below the general invertebrate line (Fig. 4).  

Reduced optimal growth rates among meiobenthic 

species, relative to those of other animals of the same 

body mass, were noted by Heip et al. (1978) for a 

smaller sample (see also brief comment on the subject 

by Warwick, 1980). Fig. 4 shows that meiobenthic rates 

may be even lower than those of unicellular organisms 

of the same mass. Comparisons with protozoons are 

particularly appropriate because the upper end of the 

mass range of the equation for one-celled species is 

weighted by the benthic ciliates investigated by Fen- 

chel (1968). It is not clear how the average metazoan 
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would compete when having a growth potential lower 

than those of the average protozoon with the same 

mass living in the same habitat. The problem is com- 

plicated since metazoans possess quite small develop- 

mental stages which may have specific growth rates 

higher than those of near-adults. 

Plankton 

Intrinsic growth rates of planktonic rotifers, cladoce- 

rans, and copepods were compared previously by 

Allan (1976) and Allan and Goulden (1980). Measured 

r, values for some rotifers at 20°C collected here are 

twice those estimated by Allan (1976), and the rates for 

cladocerans and copepods are indistinguishable, also 

in contrast to Allan (cf. Allan and Goulden, 1980: 

Figs. 9 and 10). These new data weaken some of the 

ecological and evolutionary inferences by Allan. 

When the pattern for planktonic species (Fig. 5) is 

compared with those for the predominantly benthic 

taxa (Fig. 4), it seems that their mortality, lowered 

l l 
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Fig 5. Intrinsic growth rate of planktonic cladocerans and 
copepods as function of dry body mass (mass at first maturity 

for cladocerans), at 20°C (Fig. 5a) and 15°C (Fig. 5b) 
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relative to that by larger invertebrates (Banse and 

Mosher, 1980; Banse, 1982), has not led to a similar, 

rather general lowering of r, as in the benthos. Par- 

ticularly, the optimal growth rates of the planktonic 

rotifers are as high as one may expect from mass- 

scaled invertebrates. The deviating forms are the 

planktonic cladocerans and copepods. Among them is 

truly remarkable the absence of mass dependence of 

the intrinsic growth rate among cladocerans over 2 

orders of magnitude of body mass (mass at first matur- 

ity as well as average adult body mass), a fact stressed 

little by Allan (1976), Allan and Goulden (1980), and 

Lynch (1980): An entire pelagic group has freed itself 

from mass dependence as far as the reproductive 

I 15" -E+ M e a n s  
- A C o p e p o d s  

potential is concerned, for reasons and by mechanisms 

discussed by Lynch (1980). 

It is worth remembering that we possess few labora- 

tory observations for the larger invertebrates and do 

not yet know with certainty the mass dependence of 

their intrinsic growth rates even at 20 'C  (see 'Calcula- 

tions', under 'Methods'). Among the larger inverte- 

brates, there may be extremely r-selected species 

which achieve still higher intrinsic growth rates than 

those studied so far and summarized by the inverte- 

brate line in Fig. 4; also, we may now know more 

favorable culture conditions that were not available to 

the earlier investigators. The role of experimental con- 

ditions is shown by the following: For the clearly 

opportunistic, small larvacean Oikopleura dioica 

(mass at maturity about 2.5 pgC 2 25 pg wet mass), 

20°C-cultul-es yielded an r, of 0.8 d-l, clearly higher 

than that at 13.5 "C; however, populations in large field 

enclosures comprising semi-natural plankton assem- 

blages achieved the same rate already at 11" to 15"C, 

with 1 cohort growing at 1.2 d-' (King, 1981). Whereas 

0.8 d-' is slightly above the broken line in Fig. 4, the 

20 "C-values for the field study would be well above it, 

more so than the largest cladocerans in Fig. 5 .  This 

example shows how little we know about the subject, 

and how difficult it will be at present to explain mass 

dependence rigorously. 

Outlook 

In conclusion, no overall patterns similar to that 

shown in Figs. 1 and 2 emerges for the mass depend- 

ence of r,, in the size range from large unicellular 

organisms to small metazoans. There is low mass 

dependence of growth rates of algae, but not of ciliates 

in the mass range < l pg wet mass (Banse, 1982). The 

understanding of groupings of data as for the small 

invertebrates will presumably come from careful anal- 

yses like that by Lynch (1980) of the similarity of r, in 

small- and large-sized cladocerans and from generali- 

zations as those by Gould (1977: p. 293). I believe it is 

premature to assume a common pattern or rule and to 

calculate a single equation for mass dependence 

which includes laboratory and field data and extends 

from the phage to large ungulates, as was done by 

Blueweiss et al. (1978). 

Finally, in my view, while groupings as in Fig. 4 may 

become reasonably explained on the basis of ecologi- 

cal principles, the issue of mass dependence, if any, of 

intrinsic growth rates of extremely r-selected species 

must be relatable to physiological ceilings, and 

perhaps to the metabolic cost of biosynthesis and 

growth. Our ignorance about the question of cost or 

efficiency is demonstrated in the following section. 
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NET GROWTH EFFICIENCY 

Data for growth, g, and respiration, q,  can be com- 

bined into estimates of net growth efficiency (NGE) by 

calculating the quotient of g/(g+q),  thereby neglect- 

ing the losses of organic matter from excretion, secre- 

tion of mucus, etc. (cf. the caveat by Dagg, 1976). The 

NGE is of physiological interest: Do faster growth rates 

require the same energy per unit of production as slow 

ones when invertebrates grow under optimal condi- 

tions (see references in Banse, 1979)? The NGE is also 

important in respect to the size-efficiency hypothesis 

which concerns the balance between large and small 

zooplankton species in the field (Hall et al., 1977). 

The NGE would be independent of mass if the expo- 

nents of equations describing mass dependence of 

growth and respiration were the same, and would 

depend on the ratio of the proportionality coefficients. 

Neglecting largely the issue of the differences in the 

exponents (cf. the confidence intervals in Table l ) ,  it 

seems obvious from the reviewed data that the respira- 

tion rate of rotifers, depressed relative to that of larger 

invertebrates (Fig. 2), and their unaltered optimal r, 

(Fig. 4) should result in a high NGE at the optimal 

growth rate. The review by Dewey (1976) indicates a 

trend to elevated values which, however, are not 

clearly higher than those achieved by other inverte- 

brates. Conversely, the same argument applied to 

meiobenthic nematodes suggests a greatly reduced 

NGE. This inference is clearly not borne out by either 

short-term (days) budgets determined by a variety of 

methods by Marchant and Nicholas (1974, 1 freshwater 

species, 38 % NGE), Tietjen (1980, preliminary, for 3 

marine species, 78, 80 and remarkably, 97 % NGE), 

and Warwick (1981, 1 marine species, 82 % at 20°C, 

with the maximum of 87 % at 15"C), or the life-time 

budget by Schiemer et al. (1980, 1 freshwater species, 

about 50 to 70 %). Finally, with the usual mass depend- 

ence of respiration rate apparently also valid for the 

cladocerans (Sushchenya, 1972: p. 98, Eq. 33; com- 

bines within- and between-species data) but obvious 

mass dependence of r, absent (Fig. 5), the growth 

efficiency of the average large species should be much 

higher than that of the small species at optimal growth 

rates. I am not aware of data suitable to test this 

supposition. 

As stated earlier, oxygen uptake is measured on 

specimens while the intrinsic growth rate is a popula- 

tion parameter. The resulting equations of mass 

dependence are therefore not strictly comparable. It 

would be more consistent to calculate also the oxygen 

consumption for populations (life-time budgets); to do 

this, within-species data for mass dependence of 

metabolism might be applied to mass frequency data 

found from stable age distributions on which all mea- 

surements of intrinsic growth rates should be based. 

Nevertheless, I regard it unlikely that recalculation of 

existing data would let vanish the mismatch between 

the observed NGE of nematodes and the inference 

about their NGE from rates of growth and oxygen 

uptake. I take this lack of internal consistency of our 

knowledge about rates of metabolism and intrinsic 

growth as a symbol for the state of the field: It seems 

that the answering of questions about the basic size or 

mass dependence of life is in need of more high- 

quality data as well as of theoretical foundations. 

CONCLUSIONS 

The goal of the present paper was to gather, present, 

and discuss data on mass dependence of rates of oxy- 

gen uptake and intrinsic growth. As noted in the 'Intro- 

duction', the resulting regression lines permit to recog- 

nize rules and exceptions and are therefore useful by 

themselves. More important, they should form the 

basis for future attempts to explain rules concerning 

basic properties of life. 

It seems possible now that the well-established 

respiratory 3/4-power dependence may not hold 

among invertebrates for all temperatures. Until this 

issue is settled, further attempts to derive the expo- 

n e n t ( ~ )  from first principles may be premature. With 

present knowledge, the derivation must hold for mam- 

mals and unicellular organisms, as well as account for 

temperature dependence among poikilotherms. 

For the intrinsic growth rate, the picture is now more 

obscure than a few years ago. One wonders whether 

there is o n e rule for small metazoans. Obviously, the 

data used here were of uneven quality since they were 

not only affected by problems of measurement - as 

were the determinations of oxygen uptake - but also 

by computational difficulties (or at least inconsisten- 

cies) in calculating r,. Even so, it seems unlikely that 

the large differences revealed within a small range of 

mass are all artifacts. Finally, new observations of 

weak mass dependence of intrinsic growth rates 

among unicellular algae (Banse, 1982) complicate the 

unresolved question of why there is marked mass 

dependence of growth among organisms: Possibly, 

that rule does not apply to some major taxa. 

For approaching experimentally or theoretically the 

reasons for the mass dependence of life it seems that 

small organisms should be the objects of choice rather 

than, e.g., the fairly well-explored mammals. For both 

unicellular species and very small invertebrates, 

experiments need only to be of small spatial and tem- 

poral dimensions because of the small body masses 

and short generation times; they can thus be rather 

easily conducted and replicated. Certainly, unicellular 

organisms will be more amenable to theoretical work 
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t h a n  metazoans  b e c a u s e  of their  less-complicated 

organizat ion.  M a s s  d e p e n d e n c e  b e y o n d  t h e  cel lular  

l eve l ,  however ,  m a y  ra i se  add i t iona l  issues  a n d  n e e d s  

to  b e  invest igated.  For e x a m p l e ,  th is  r e v i e w  sugges t s  

for t h e  inqu i ry  into mass  d e p e n d e n c e  of mult icel lular  

me tabo l i sm a n d  g rowth  tha t  very smal l  me tazoans  m a y  

no t  b e  exact ly  sca led-down vers ions  of l a rge r  an imals ;  

i n  r e g a r d  to  t h e  pr inciple  of m a s s  d e p e n d e n c e ,  i .e.  

e x p o n e n t s  w e l l  b e l o w  uni ty ,  t h e y  d o  s e e m  to  b e h a v e  

l ike  o the r  a n i m a l s  
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