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These experiments test whether respiration can be predicted better from biomass or from potential respiration, a
measurement of the mitochondrial and microsomal respiratory electron transport systems. For nearly a century
Kleiber's law or a similar precursor have argued the importance of biomass in predicting respiration. In the last
decade, a version of the Metabolic Theory of Ecology has elaborated on Kleiber's Law adding emphasis to the
importance of biomass in predicting respiration. We argue that Kleiber's law works because biomass packages

ﬁf{e ﬁ;d;lma mitochondria and microsomal electron transport complexes. On a scale of five orders of magnitude we have
Biomass shown previously that potential respiration predicts respiration as well as biomass in marine zooplankton. Here,
ETS activity using cultures of the branchiopod, Artemia salina and on a scale of less than 2 orders of magnitude, we investigated

the power of biomass and potential respiration in predicting respiration. We measured biomass, respiration and
potential respiration in Artemia grown in different ways and found that potential respiration (®) could predict
respiration (R), both in ulO,h~! (R=0.924>+0.062, 1*=0.976), but biomass (as mg dry mass) could not
(R=27.02DM + 8.857, 12 =0.128). Furthermore the R/® ratio appeared independent of age and differences in

Growth rate
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the food source.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Metabolic Theory of Ecology (MTE) (Brown et al, 2004; Allan
and Gillooly, 2007; Kolokotrones et al., 2010) and Kleiber's law
(Kleiber, 1932, 1961; White, 2010) argue the importance of biomass in
controlling respiration. Modern biochemistry since the time of David
Keilin argues that the respiratory electron transport system controls
respiration (Keilin, 1966; Nelson and Cox, 2005). We have shown
before that in marine zooplankton the respiratory electron transport
system (ETS) activity is a better predictor of respiration than biomass
(King and Packard, 1975; Packard and Gémez, 2008). Furthermore,
Findlay et al (1983) have shown that over 11 orders of magnitude ETS
and respiration follow a linear relationship. Here, we examine ETS
activity as a predictor of respiration in young brine shrimp of Artemia
salina.

Our investigation builds on the results of Ikeda et al. (2001) working
with Acartia tonsa; Ikeda et al. (2004) with Neocalanus cristatus; Var6
et al. (1993, 2000) with different species of Artemia; Irwin et al. (2007),
with Artemia franciscana, and many others. Using ETS activity as a
measure of potential respiration minimizes problems of stress,
starvation as well as bacterial growth that confound incubation-based
respiration measures. It measures the flux of electrons after they are
stripped from tricarboxylic acids and other organic compounds and
transferred to the ATP-generating and the O,-consuming machinery of
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the respiratory ETS. It is quantitative, and, in theory, measures the
maximal rate at which reducing equivalents are transferred from
organic oxidation reactions to the oxygen consuming ones. Artemia
salina was chosen for these experiments, because it has a history of
being a model organism in both ecological and physiological studies as
well as being commercially important to aquaculture.

In this research, respiration, biomass, and ETS activity are
purposely measured in two independently grown cultures of A. salina
to investigate whether ETS activity or biomass is a better index of
respiration and to determine the strength of this relationship.

2. Materials and methods

Respiration, ETS activity, dry mass, and protein, were measured in
triplicate in two independent sets of experiments with A. salina
cultures maintained under controlled temperature, light, and food
conditions (Table 1). Our main objective was to study the respiration,
ETS activity and the coherence of R/ETS ratio under some different
growth conditions.

2.1. Culturing

Artemia cysts, obtained from Metaframe (San Francisco Bay Division
Network, California) were hatched in filtered aerated seawater at
constant temperature and after 24 h the nauplii were placed in new
aquaria. The first set of rate measurements were performed at 25 °C for
15 days with nauplii fed on Nanoclorosis sp. at a cell density of
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Table 1

Parameters in the two sets of experiments with Artemia salina. The rate data in set 2 were measured at 22 °C and corrected via the Arrhenius equation to 25 °C. The rate data in set 1

were measured at 25 °C. Mean, standard deviations and ranges are given.

Measurements Set 125 °C

Set 2 25°C Set 2 25°C

Incubation period (days) 0-15
Food

Biomass (ugC-ind ')

Growth rate (d~1)

Respiration rate (11l0,-mgDM~'h~1)
Potential respiration rate (ul0,-mgDM~'h~1)

2.06+4.64 (0.51-20.04) n=17
026043 (—0.52-1.16) n=14

Nanoclorosis sp. (5000 cells-ind~")

55.79 £22.82 (14.90-94.92) n=15
7045 +£31.71 (35.13-134.89) n=15

0-15

Dunaliella salina (1000 cells-ind ')
1.04 £0.37 (0.54-2.18) n=21
0.12+0.83 (—1.20-1.73) n=14
9.48 +£4.53 (3.87-19.72) n=12
9.72+7.49 (2.33-32.81) n=20

15-30

Dunaliella salina (1000 cells-ind ')
10.76 +-8.64 (1.58-26.42) n=11
0.51+0.64 (0.09-2.07) n=38
20.21+12.13 (8.93-33.22) n=4
10.67 +12.25 (1.32-35.89) n=9

50,000 cells-ml~"', 5000 cells-ind~! (Set 1). The second set of measure-
ments was carried out at 22 °C for 30 days with nauplii fed on Dunaliella
salina (7155 cells-mlI~!, 1000 cells-ind ). The phytoplankton were fed
to the nauplii every 24 h. The aquaria were illuminated under a 10/
14 hour photoperiod with 36 W fluorescent tubes.

2.2. Biomass and growth

Dry mass was determined in triplicate by the method of Lovegrove
(1966). We refer to dry mass instead of dry weight according to Postel
et al (1995) and Meyer et al. (2010). Biomass (M) in carbon units was
calculated assuming that carbon represents 40% of dry mass (Omori and
Ikeda, 1984; Parsons et al., 1984; Bamstedt, 1986). Protein was measured
by the Lowry et al. (1951) method as modified by Rutter (1967) in order
to be able to measure low levels of protein. Dry mass (DM) and protein
(P) (Fig. 1) were related to each other by the Eq. (1):

DM = 1.649 P + 1.03 <r2 = 0.97) 1)

which is consistent with the average nitrogen content of zooplankton
dry mass being 10% (Parsons et al., 1983) and the average nitrogen
content of protein being 16% (Wolff, 1876; Postel et al., 2000; Nelson
and Cox, 2005). Thus, when not measured directly, dry mass was
calculated from protein content.

Growth was measured according to Kimmerer and McKinnon
(1987). The growth rate (u1) in units of d ! was related to the change
in protein concentration by Eq. (2),

w = [(Lnprot,-Lnprot;) / At] (2)

where t refers to time in days.

)
=

n
=
L

e
=
L

L
=

=]
=
s

DW = 1,649 Prot + 1,028
2 = 0,969

—
=
L

n=15

Individual dry weight biomass (mg - iml'l)

=

10 15 20 25 30 35

=
h

Individual protein biomass (mg - ind™1)

Fig. 1. Dry-mass versus protein content per individual for Artemia salina. Duplicate
samples of Artemia were taken daily through the life of the culture for the protein and
dry-mass measurements.

2.3. ETS activity and potential respiration

Potential respiration (&) and ETS activity were determined by the
tetrazolium reduction method of Gémez et al. (1996) using an electron
accepting tetrazolium salt. ETS is measured by saturating the mitochon-
drial and the microsomal ETS with their natural substrates, NADH and
succinate, for the mitochondrial ETS, and NADPH, for the microsomal ETS
(Borgmann, 1977) and then detecting the resulting electron flux along
the ETS via the electron acceptor, INT (2-p-iodophenyl-3-p-nitrophenyl-
5-phenyl-tetrazolium chloride). Of the many tetrazolium salts, the ETS
assay here employs INT because of its sensitivity to dehydrogenase
activity (Fonseca et al., 2001). ETS activity is calculated in moles of
electrons (umol e “'h~'DM™"), but then converted stoichiometrically
into volumetric oxygen units (lO,h~'DM ™) and reported as potential
respiration. Equivalent cell-free homogenates were prepared using
tissue grinding in the first group of experiments (set 1) and sonication in
the second group of experiments (set 2). In our laboratory sonication and
tissue grinding yield equivalent results. The tissue grinding was done in
3 ml of buffer, at 0-4 °C, for 2 min using a teflon-glass tissue grinder
rotating at 1500 rpm. Sonication was done in 1 ml of water (Milli-Q
double-distilled) for 45 s with an ultrasonic probe (Cole Parmer). After
centrifugation (0 °C, 10 min, 4000 rpm), an aliquot of the homogenate
was assayed for ETS activity. Homogenate dilution was necessary at high
biomass levels. In set 2, an automatic sample pretreatment injection line
system with a robotic arm (ASPEC-Gilson 221/222) was used to carry out
the essays. ETS activity was calculated from the absorbance of the INT-
formazan production rate in the ETS assay and from the formazan molar
extinction coefficient (Kenner and Ahmed, 1975; Oxtoby et al., 1999)
according to Gémez et al. (1996). ETS activity measured in this manner is
consistent with the cytochrome ¢ reduction ETS assay of Borgmann
(1977).

2.4. Respiratory oxygen consumption

Respiration in set 1 was measured by the Winkler method of Bryan
etal. (1976) as described in Parsons et al. (1984). This method measures
the end point photometrically, with a sample incubation period
between 6 and 24 h. Equivalent respiration rates were measured in
set 2 using Clark-type oxygen electrodes (Strathkelvin 928 6-Channel
Oxygen System) that measured oxygen concentration continuously
over a period of an hour and a half. Respiration rates made at 22 °C were
corrected to 25 °C by the Arrhenius Equation (Arrhenius, 1889, 1915),

R, = R, 'e[Ea(l/T,—l/Tz)/RgL (3)

where R is the respiration rate in units of pl O, h~!.animal ™!, Ea is the
molar-based activation energy (=~ 62.7 KJ-mol-K~" or 15 Kcal- mol-K !
(Packard et al, 1971, 1975), R, is the molar-based gas constant
(8.31]-mol-K~! or 1.987 cal-mol-K~!) and T the absolute temperature
(°K). ETS activities, growth rates, and potential respiration rates, when
not measured at 25 °C, were corrected for the temperature difference in
the same manner. This procedure is consistent with Arrhenius's
application of Boltzmann's and Van't Hoff's theories to chemical and
biochemical reactions as well as to physiological processes (Arrhenius,
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Table 2

Artemia growth rates (mean, standard deviation and range) here and in the literature corrected by the Arrhenius equation to 25 °C. T is the incubation temperature.

Experiments T (°C) Samples n Growth rate at 25 °C (d~ 1) Type of Food
Set 1 25 A. salina 15 0.2640.43 (—0.52 -1.16) Nanoclorosis sp. (50,000 cells ml~)
Set 2 22 A. salina 21 0.334+0.72 (—1.20-2.07) Dunaliella salina (7155 cells ml~")
Sapienza and Mague (1979) 15 A. salina 25 1.544-2.09 (0.06-3.01) Dunaliella tertiolecta (0-100,000 cells ml~")
Berges et al. (1990) 25 A. franciscana 8 0.284-0.2 (0.077-0.482) Dunaliella salina (2000 cells ml~!)

8 0.484+0.16 (0.363-0.595) Dunaliella salina (10,000 cells ml~")

8 0.83 4 0.04 (0.802-0.850) Dunaliella salina (50,000 cells-ml~")
Evjemo and Olsen (1999) 27 A. franciscana 12 0.2040.23 (0.03-0.36) Isochrysis galbana (130,000 cell -ml~1)
Lora-Vilchis et al. (2004) 27 A. franciscana 60 0.4940.31 (0.27-0.71) Isochrysis sp. (130,000 cells mI~1)

1915). It is at odds with the MTE because of the MTE's choice of the
atomic-based Boltzmann constant. Nevertheless, in this way, all data
here were comparable. Values from the literature were also corrected in
this manner to be comparable with our results. As a result, all the rate
data presented here are for 25 °C.

3. Results
3.1. Growth

Growth rates in the first 15 days of the cultures varied from 0.12 to
0.26d ™! (Table 1, first 15 days) and were not related to respiration
(R=5.759 u+33.83, > =0.015), ETS activity, or biomass. The relation-
ships with ETS activity and biomass (not shown) were as weak (r*<0.1)
as the one with respiration. The variations in the initial growth rates
were likely caused by the high cell density of the algal food in set 1. From
the data of Berges et al. (1990) (Table 2), it is clear that Artemia exposed
to high algal densities grow faster. The impact of the higher algal cell
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Fig. 2. Biomass time-course for the two sets of experiments (Table 1) with A. salina. Note
that the algal concentration in set 1 is 7x higher than the algal concentration in set 2. The
Artemia eggs hatched on day 0. Even in set 2 the Artemia did not reach sexual maturity.

Table 3

densities in set 1 can also be seen in the early onset of the exponential
growth in this set of experiments (Fig. 2); it begins 5 days earlier than in
set 2. In general, when compared to other growth rates of Artemia, our
growth rates are in the same range (Table 2).

3.2. Respiration

Respiration rates, normalized by dry-mass, vary between 12.74 +
9.10 ul0,-mg DM~ 'h™! and 55.79422.82 1l0,-mg DM~'h~', well
within the range of values found in literature for similar crustaceans
(Table 3). However, the respiration rates are clearly lower in the cultures
exposed to low concentrations of D. salina (Fig. 3A) than they are in the
cultures with the higher concentrations of Nanoclorosis sp., but whether
this is caused by the low cell density or by the algal species difference,
cannot be determined without additional data. With biomass and with
growth rate one might have expected a direct positive relationship with
respiration. But in neither case was there a good relationship
(R=27.02DM + 8.857, > =0.128 and above).

3.3. Potential respiration and its relation to respiration

Rates of &, normalized by dry-mass, ranged from 10.02 plO,-mg
DM~'h™! to 70.45 ul0, mgDM~'h™! (Table 4). &, by itself, is not
related to biomass and cannot be used for predictive purposes
(d=27.24DM +10.98, > =0.113). With respect to the food levels,
the rates of & are lower in the cultures exposed to low concentrations
of D. salina (Fig. 3B).

The ratio of respiration to potential respiration (R/®) did not vary
with differences in the quantity and quality of the diet (Fig. 4A and
Table 1). The R and & were higher in the cultures with the higher cell
numbers (set 1), but because this offset was about the same in R and
&, one would expect the ratio, R/, to be unaffected. In fact, pooling
the data from both sets of experiments (Fig. 4A), and plotting R vs ¢
yielded an R/® ratio of 0.89 (r>=0.976). This demonstrated that in
spite of the differences in nutrition and species of the food, R/® stayed
constant. In addition, the ratio did not change with the age of the
nauplii (Fig. 4B).

Dry mass-specific respiration rates here and in the literature, measured at or corrected to 25 °C. T is the incubation temperature. Means, standard deviations and ranges given.

References T (°C) Sample Respiration rate at 25 °C (ulO5-mgDM ™~ 'h~1) Type of food

This work Set 1 25 Artemia salina 55.79 +22.82 (14.90-94.92) Nanoclorosis sp.

This work Set 2 22 Artemia salina 12.7449.10 (3.87-45.87) Dunaliella salina

King and Packard (1975) 15 Calanus pacificus 32.14+11.35 (24.07-40.12) Environmental Phytoplankton
Var6 et al. (1993) 25 Artemia sp. 7.054+6.81 (2.24-11.87) Yolk sac

Sim¢i¢ and Brancelj (1997) 20 Daphnia sp. 23.114+10.89 (15.41-30.81) Scenedesmus sp. Yeast

Varé et al. (2000) 24 Artemia parthenogenetica 3.8743.16 (1.63-6.09) Dunaliella sp.

Ikeda et al. (2001) 22 Acartia tonsa 10.354+2.35 (8.69-12.01) Environmental Phytoplankton
Ikeda et al. (2004) 2 Neocalanus cristatus 3.1640.47 (2.83-3.49) Environmental Phytoplankton
Sim¢i¢ and Brancelj (2004) 20 Daphnia sp. 12.714+14.71 (2.31-23.11) Scenedesmus quadricauda Yeast
Irwin et al. (2007) 25 Artemia franciscana 10.414+4.28 (7.39-13.44) Yolk sac
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Fig. 3. Respiration (A) and potential respiration (B) time courses for both sets of
experiments with A. salina. Both measurements are normalized by biomass (dry-mass).

4. Discussion
4.1. Growth

From the literature (Table 2), the impact of the different prey
species and the quantity (cells concentration) on the growth rate is
not clear. In one case, when the food species remains the same, but the
cell concentration increases, the growth rate increases in parallel with
the food quantity (Berges et al., 1990). In another case, where the cell
concentration does not change, but the food species may be different,
the growth rate more than doubles (Evjemo and Olsen, 1999; Lora-
Vilchis et al., 2004). In our case, both the food species and the cell
concentration changes, but the growth rate remains the same
suggesting that, as in the experiments of (Evjemo and Olsen, 1999;
Lora-Vilchis et al., 2004), the food quality is likely an important factor.
Accordingly, future experiments on the relationship between growth

Table 4
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Fig. 4. (A) Respiration versus potential respiration (&) in the two cultures of A. salina.
Measurements were taken on the same sample of Artemia. Immediately after the
respiration rate was recorded, the Artemia were filtered from their media and frozen in
liquid nitrogen for ETS analysis according to Gémez et al. (1996). (B) The time-course of
the ratio of respiration to & in the pooled data from both A. salina cultures.

rate and food quality (protein, fatty acids, etc.) are needed to resolve
this topic.

4.2. Respiration

Respiration in Artemia should be close to the rate at which its
cytochrome oxidase reduces oxygen to water. This rate should equal
stoichiometrically, the rate at which cytochrome oxidase receives
electrons from Artemia's mitochondrial ETS. According to our experience
with bacteria (Packard et al., 1996), the Krebs Cycle should rapidly oxidize
the products of carbohydrate, lipid, and protein catabolism and produce
NADH and succinate to drive the respiratory ETS at a high rate in well-
nourished Artemia. Under these conditions both oxygen consumption

Potential respiration here and from the literature. Means, standard deviations and ranges corrected to 25 °C. T is the incubation temperature.

References T (°C) Sample Potential respiration rate at 25 °C (ulO5-mgDM~'h~1) Type of food

This work set 1 25 Artemia salina 70.45431.71 (35.13-134.89) Nanoclorosis sp.

This work set 2 22 Artemia salina 10.02 £ 9.00 (1.32-35.90) Dunaliella salina

King and Packard (1975) 15 Calanus pacificus 24.07 £3.41 (21.66-26.48) Environmental Phytoplankton
Bamstedt (1980) 23 Acartia tonsa 14.08 +7.23 (8.9-19.26) Phytoplankton samples (laboratory)
Sim¢i¢ and Brancelj (1997) 20 Daphnia sp. 34.67 £27.23 (15.41-53.93) Scenedesmus sp. Yeast

Sim¢i¢ and Brancelj (2004) 20 Daphnia sp. 16.56 4 20.16 (2.31-30.81) Scenedesmus quadricauda Yeast
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and ATP production should be high. On the contrary, when the Artemia
are poorly nourished the opposite should occur. Again, building on our
observations with bacteria, the mass-specific respiration rates should be
higher in the well-fed culture (set 1) than in the poorly fed culture (set 2).
Tables 1 and 3 show this to be the case.

Respiration and biomass (protein, dry mass, etc.), at least over many
orders of magnitude, are known to follow Kleiber's Law (Kleiber, 1932
and 1961; Whitfield, 2006), mainly because biomass packages the
mitochondria and microsomes that control respiration (Packard and
Gomez, 2008). However, on a smaller scale the relationship can be
obscured by age, sex, physiological state (activity level, nutritional state,
stress level, reproductive state, etc.) to the point where biomass is not
useful for predictive purposes. Here, where the biomass and respiration
range less than 2 orders of magnitude (Table 1 and 3), our data is an
example of this situation. The respiration-biomass relationship is weak
(R=27.02DM + 8.857, r* =0.128). Identifying the cause of this weak
relationship awaits future experimentation.

4.3. Potential respiration

¢, as measured by ETS activity, is a proxy for respiration in
plankton (Ramirez et al, 2006) and accordingly we expected it to
follow Kleiber's law. & in Artemia should be dominated by the
maximum rate at which Artemia's ETS can transmit electrons from its
beginning, at NADH dehydrogenase in Complex [, to its end at
cytochrome oxidase in Complex IV. & is ETS activity expressed in
terms of oxygen rather than electrons. Because it is analogous to an
enzyme's Viax, P is a measure of the concentration of the complexes
that constitute the ETS and also, since NADH dehydrogenase is the
major driver of the mitochondrial ETS, ¢ is a measure of the presence
of mitochondria.

Should the & vary with nutritional state and biomass? With
nutritional state, & should vary little if the ETS is constitutive to the
mitochondria. However, if it is inducible by substrate abundance or
ATP demand (as in growth), then it could vary with nutritional state.
Addressing this question was not an objective here, nevertheless
Table 4 shows @& to be 7x larger in set 1 than in set 2. In set 1 the algal
cell density was 5x the level that it was in set 2. This suggests that the
ETS can be induced by substrate supply as suggested by the
observations of Hernandez-Le6n and Gomez (1996). However, future
experiments using the same algal species are needed to address this
question thoroughly. With biomass, & should track closely if the ETS is
constitutive and track loosely if the ETS or a key part of it is easily
induced or repressed in an enzymatic sense. Here, as with biomass
and respiration, biomass and & do not track each other particularly
well, again suggesting that at any given biomass level the ETS can be
induced (or repressed) by changing environmental factors.

Table 5

4.4. R/

Christensen et al. (1980) argue that the ratio of respiration to
potential respiration (R/®) is an index of physiological state. In
bacteria, R/& is low when the bacteria are nutrient-limited and high
when they are well nourished (Christensen et al., 1980; Packard et al.,
1996). In zooplankton Hernandez-Ledn and Gémez (1996) found that
temperature, diet, physiological state, and age seemed important in
determining the variability of this ratio. In Artemia (Tables 1, 5 and
Fig. 4A and B) the ratio, R/, is relatively constant even though the
Artemia are grown under different conditions.

In theory, this ratio should not exceed 1.1 if the ETS assay is a true
measure of @ and if our biochemical understanding that the respiratory
ETS is responsible for 90% of a cell's respiration (Nelson and Cox, 2005) is
correct. In the older literature on R/® (R/ETS), ratios were reported with
values higher than 1.1 (King and Packard, 1975; Packard et al., 1974)
because the extraction-based ETS assays, used at that time, under-
measured the V.« of the ETS (Christensen and Packard, 1979). These
values have been recalculated according to Christensen and Packard
(1979) in Table 5 (ETS activities measured by the newer methods are 3.3
times higher than the older ETS measurements) as well as in Packard
and Goémez (2008). The remaining values above 1.1 may reflect an
unknown type of metabolism in some marine organisms or some
methodological difference in the respiration or ETS analyses. Regardless
of the value of the ratio, it should be independent of biomass if, as we
argue, biomass simply packages the mitochondria and their ETS
complexes. In addition, the ratio should be independent if respiration
and the ETS activity respond in parallel to changes in growth stage,
physiological state, adult age, sex, food quality, and stress. In a single
organism such parallelism is unlikely in the short term, but likely in the
long term. In a mono-specific culture under controlled constant
conditions & and R should track closely and be independent of biomass.
Fig. 4B show this to be the case in our experiments.

4.5. Significance

The significance of this research is twofold. It suggests an explanation
to Kleiber's Law as well as an alternate way to predict respiration. The
paper presents experimental evidence that &, as measured by the
respiratory ETS, predicts respiration better than biomass and it argues
that Kleiber's law works because biomass packages the mitochondria
and the microsomes that drive respiration. Based not only on the
relationship between & and respiration in Fig. 4A and in Fig. 4 of Packard
and Gémez (2008), the predictive power of <> goes back to Findlay et al.
(1983)'s finding that the R-to-& relationship holds for bacteria,
protozoans (ciliates), and metazoans (zooplankton) over 11 orders of
magnitude. Corollary to this significance is the impact this R-to-¢
relationship can have on the Metabolic Theory of Ecology (Kolokotrones

Variability of ratio R/® values found in literature. The ETS data from King and Packard (1975) were corrected to be consistent with the Owens and King (1975) ETS assay by the factor

3.3 (Packard and Gémez, 2008).

References

Sample

R/® Location

Experiments (all dates)
Set 1

Set 2

King and Packard (1975)
King and Packard (1975)
King and Packard (1975)
Bamstedt (1979)
Bamstedt (1980)

Ikeda and Skjoldal (1980)

Herndndez-Le6n and Gomez (1996)

Artemia salina

Artemia salina

Artemia salina

Calanus pacificus (NI)
Copepods

Zooplankton

Copepods

Acartia tonsa

Acartia australis
Zooplankton (100-200 pm)

0.89+0.23 (n=31)
0.93+0.11 (n=15)
0.85+0,30 (n=16)
0.59+0.19 (n=2)
0.71+0.40 (n=6)
0.50+0.17 (n=146)
1.39+0.66 (n=84)
0.47+0.08 (n=13)
0.16+0.02 (n=4)
0.94+0.47 (n=13)
2.55+0.86 (n=56)
1.59+0.88 (n1=2)
0.95+0.98 (n=10)

Laboratory Incubations

Laboratory Incubations

Laboratory Incubations

North Pacific

North Atlantic (East) North Pacific (Tropical East)
North Atlantic (East) North Pacific
Sweden (West Coast)

Florida (Miami)

Australia (Townsville)

Baltic Sea (BALTEX)

Canary Islands (EMIAC 9006)
Canary Islands (EMIAC 9103)
Gran Canaria (Onshore)
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et al., 2010). It provides the foundation for an alternate model and
equation for metabolism.

5. Summary

1. Respiration (R) of immature brine shrimp, Artemia salina, is more
closely related to potential respiration (&), as measured by ETS
activity than it is to biomass (DM). Linear regression yields a
relationship between respiration and potential respiration
(R=0.824®+0.062, r*=0.976) that can be used for predictive
purposes and yields a much weaker relationship between respiration
and dry mass (R=27.02DM + 8.857, r>=0.128) that cannot.

2. Artemia respiration rates, normalized by dry-mass, were 12.74 +
9.10 ul0,-mgDM~'h™' and 55.79 4 22.82 p1l0,-mgDM~'h ™!, inde-
pendent of the age of the culture.

3. Potential respiration in Artemia, normalized by dry-mass, ranged
from 10.02 plO,-mgDM~'h~!'DM to 70.45DM plO, mgDM ™~ 'h™ 1.

4. Artemia growth rates for the first 15 days varied from 0.12d~ !,
when feeding on of the diatom, Dunaliella salina (cell density:
7155 cells ml~1), to 0.26 d~' when feeding on the Nanoclorosis sp.
(cell density: 50000 cells ml~!). They were not related to respira-
tion, ETS activity, not biomass.

Acknowledgements

This work was supported by Project EXZOME (CTM2008-01616/
MAR) granted to M.G. and by the University Foundation of Las Palmas
grant to LM. We thank the Canary Institute of Marine Science (ICCM,
Canary Islands) for providing the Artemia cysts. [SS]

References

Allan, A.P., Gillooly, J.F., 2007. The mechanistic basis of the metabolic theory of ecology.
Oikos 116, 1073-1077.

Arrhenius, S., 1889. Uber die Reaktionsgeschwindigkeit bei der Inversion von
Rohrzucker durch Sauren. Z. Phys. Chem. 4 (2), 226-248.

Arrhenius, S., 1915. Quantitative Laws in Biological Chemistry. Bell and Son, London.
164 pp.

Bamstedt, U., 1979. Seasonal variation in the respiratory rate and ETS activity of deep-
water zooplankton from the Swedish west Coast. In: Naylor, E.D., Hartnoll, R.G. (Eds.),
Cyclic Phenomena in Marine Plants and Animals. Pergamon Press, pp. 267-274.

Bamstedt, U., 1980. ETS activity as an estimator of respiratory rate of zooplankton
populations. The significance of variations in environmental factors. J. Exp. Mar.
Biol. Ecol. 42, 267-283.

Bamstedt, U., 1986. Chemical composition and energy content. In: Corner, E.D.S.,
O'Hara, S.CM. (Eds.), The biological chemistry of marine copepods. Clarendon
Press, Oxford, pp. 1-58.

Berges, J.A., Roff, ].C., Ballantyne, J.S., 1990. Relationship between body size, growth rate and
maximal enzyme activities in Brine Shrimp Artemia franciscana. Biol. Bull. 179, 287-296.

Borgmann, U., 1977. Electron transport system activity in Daphnia and crayfish. Can. J.
Zool. 55, 847-854.

Brown, J.H., Gillooly, J.F., Allen, A.P., Savage, V.M., West, G., 2004. Toward a metabolic
theory of ecology. Ecol. 85, 1771-1789.

Bryan, J.R,, Riley, J.P., Williams, P.J., le, B., 1976. A winkler procedure for making precise
measurements of oxygen concentration for productivity and related studies. J. Exp.
Mar. Biol. Ecol. 21, 191-197.

Christensen, J.P., Packard, T.T., 1979. Respiratory electron transport activities in phytoplankton
and bacteria: comparison of methods. Limnol. Oceanogr. 24 (3), 576-583.

Christensen, J.P., Owens, T.G., Devol, AH., Packard, T.T., 1980. Respiration and
physiological state in marine bacteria. Mar. Biol. 55, 267-276.

Evjemo, ].0., Olsen, Y., 1999. Effect of food concentration on the growth and production
rate of Artemia franciscana feeding on algae T.iso. J. Exp. Mar. Biol. Ecol. 242, 273-296.

Findlay, B.J., Spana, A., Ochsenbein-Gattlen, C., 1983. Influence of physiological state on
indices of respiration rate in protozoa. Comp. Biochem. Physiol. A Physiol. 74 (2),
211-219.

Fonseca, C.A., Summers, R.S., Hernandez, M.T., 2001. Comparative measurements of
microbial activity in drinking water biofilters. Water Res. 15 (16), 3817-3824.
Goémez, M, Torres, S., Hernandez-Leén, S., 1996. Modification of the electron transport
system (ETS) method for routine measurements of respiratory rates of zooplankton.

S. Afri. J. Mar. Sci. 17, 15-20.

Hernandez-Ledn, S., Gémez, M., 1996. Factors affecting the respiration/ETS ratio in
marine zooplankton. J. Plankton Res. 18 (2), 239-255.

Ikeda, T., Skjoldal, H.R., 1980. The effect of laboratory conditions on the extrapolation of
experimental measurements to the ecology of marine zooplankton. Mar. Biol. 58,
285-293.

Ikeda, T., Kanno, Y., Ozaki, K., Shinada, A., 2001. Metabolic rates of epipelagic marine
copepods as a function of body mass and temperature. Mar. Biol. 139, 587-596.

Ikeda, T., Sano, F., Yamaguchi, A., 2004. Metabolism and body composition of a copepod
(Neocalanus cristatus: Crustacea) from the Oyashio region, western subarctic
Pacific. Mar. Biol. 145, 1181-1190.

Irwin, S., Wall, V., Davenport, J., 2007. Measurement if temperature and salinity effects
on oxygen consumption of Artemia franciscana K., measured using fiber-optic
oxygen microsensors. Hydrobiologia 575, 109-115.

Keilin, D., 1966. The history of cell respiration and cytochrome. Cambridge University
Press, London. 416 pp.

Kenner, R.A.,, Ahmed, S.I,, 1975. Measurements of electron transport activities in marine
phytoplankton. Mar. Biol. 33, 119-127.

Kimmerer, W.J., McKinnon, A.D., 1987. Growth, mortality and secondary production of
the copepod Acartia tranteri in Westerpoint Bay. Australia. Limnol. Oceanogr. 32,
14-28.

King, F.D., Packard, T.T., 1975. Respiration and the activity of respiratory electron
transport system in marine zooplankton. Limnol. Oceanogr. 20 (5), 849-854.

Kleiber, M., 1932. Body size and metabolism. Hilgardia 6, 315-332.

Kleiber, M., 1961. The fire of life: an introduction to animal energetics. John Wiley and
sons Inc, New York. 454 pp.

Kolokotrones, T., Savage, V., Deeds, EJ., Fontana, W., 2010. Curvature in metabolic
Scaling. Nature 464, 753-756.

Lora-Vilchis, M.C., Cordero-Esquivel, B., Voltolina, D., 2004. Growth of Artemia franciscana
fed Isochrysis sp. and Chaetoceros muelleri. Aquacult. Res. 35, 1086-1091.

Lovegrove, T., 1966. The determination of the dry weight of plankton and effect of
various factors on the values obtained. In: Barnes, H. (Ed.), Some contemporary
studies in marine science. George Allen and Unwin Ltd., London, pp. 429-467.

Lowry, O.H., Rosebrough, N.J., Farr, A.L.,, Randall, RJ., 1951. Protein measurement with a
Folin phenol reagent. ]. Biol. Chem. 193, 265-275.

Meyer, B., Auerswald, L., Siegel, V., Spahi’c, S., Pape, C., Fach, B.A., Teschke, M., Lopata,
AL, Fuentes, V., 2010. Seasonal Variation in body composition, metabolic
activity, feeding, and growth of adult krill Euphausia superba in the Lazarev Sea.
Mar. Ecol. Prog. Ser. 398, 1-18.

Nelson, D.L, Cox, M.M., 2005. Lehninger Principles of Biochemistry. Freeman and
Company, New York. 1119 pp.

Omori, M., Ikeda, T., 1984. Methods in marine zooplankton ecology. John Wiley and
sons Inc, New York. 332 pp.

Owens, T.G., King, F.D., 1975. The measurement of respiratory electron transport system
activity in marine zooplankton. Mar. Biol. 30, 27-36.

Oxtoby, D.W., Gillis, H.P., Nachtrieb, N.H., 1999. Principles of Modern Chemistry.
Saunders College Publishing, Fort Worth, Texas. 876 plus appendices pp.

Packard, T.T., Gdmez, M., 2008. Exploring a first-principles-based model for zooplank-
ton respiration. ICES ]. Mar. Sci. 65, 371-378.

Packard, T.T., Healy, M.L,, Richards, F.A., 1971. The vertical distribution of the activity of
the electron transport system in plankton. Limnol. Oceanogr. 16 (1), 60-70.

Packard, T.T., Harmon, D., Boucher, J., 1974. Respiratory transport activity in plankton
from upwelled waters. Tethys 6 (1-2), 213-222.

Packard, T.T., Devol, A.H., King, F.D., 1975. The effect of temperature on the respiratory
electron transport system in marine plankton. Deep Sea Res. 22, 237-249.

Packard, T.T., Berdalet, E., Blasco, D., Roy, S.0., St-Amand, L., Lagacé, B., Lee, K., Gagné, ].P.,
1996. Oxygen consumption in the marine bacterium Pseudomonas nautica predicted
from ETS activity and bisubstrate enzyme kinetics. ]. Plankton Res. 18 (10),
1819-1835.

Parsons, T.R., Takahashi, M., Hargrave, B., 1983. Biological oceanographic processes.
Pergamon Press, New York. 330 pp.

Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A manual of chemical and biological methods
for seawater analysis. Pergamon Press, Oxford. 173 pp.

Postel, L., Mumm, N., Krajewska-Soltys, A., 1995. Metazooplankton distribution in the
Pomeranian Bay (Southern Baltic) — species composition, biomass and respiration.
Bull. Sea Fish. Inst. 3 (136), 61-73.

Postel, L., Fock, H., Hagen, W., 2000. Biomass and abundance. In: Harris, R.P., Wiebe, P.H.,
Lenz, J., Skjoldal, H.R., Huntley, M. (Eds.), Zooplankton Methodology Manual. Elsevier,
California. 684 pp.

Ramirez, T., Liger, E., Mercado, J.M,, Cortes, D., Vargas-Yafiez, M., Sebastidn, M., Reul, A.,
Aguilera, J., Bautista, B.A.,, 2006. Respiratory ETS activity of plankton in the
northwestern Alboran Sea: seasonal variability and relationship with hydrological
and biological features. J. Plankton Res. 28 (7), 629-641.

Rutter, W., 1967. Protein determinations in embryos. In: Wilt, F.H., Wessels, N.V. (Eds.),
Methods in Developmental Biology. Academic Press, London, pp. 671-684.

Sapienza, C., Mague, T.H., 1979. DNA polymerase activity and growth rates in Artemia
salina nauplii. Limnol. Oceanogr. 24 (3), 572-576.

Simcic, T., Brancelj, A., 1997. Electron transport system (ETS) activity and respiration
rate in five Daphnia species at different temperatures. Hydrobiologia 360, 117-125.

Sim¢i¢, T., Brancelj, A., 2004. Respiratory electron transport system (ETS) activity as an
estimator of the thermal tolerance of two Daphnia hybrids. J. Plankton Res. 26 (5),
525-534.

Varé, L., Taylor, A.C., Amat, F., 1993. Comparative study of the effects of temperature,
salinity and oxygen tension on the rates of oxygen consumption on nauplii of
different strains of Artemia. Mar. Biol. 117, 623-628.

Varé, I, Taylor, A.C.,, Navarro, J.C., Amat, F., 2000. Effect of parasitism on respiration rates
of adults of different Artemia strains from Spain. Parasitol. Res. 86, 772-774.

White, C.R., 2010. There is no single p. Nature 464, 691.

Whitfield, J., 2006. the beat of a heart: Life, Energy, and the unity of Nature. Joseph
Henry Press. 261 pp.

Wolff, E., 1876. Die erndabrumg der landwirtschaftlichen nutzthiese. Berlin. . 238 pp.



	Potential respiration is a better respiratory predictor than biomass in young Artemia salina
	Introduction
	Materials and methods
	Culturing
	Biomass and growth
	ETS activity and potential respiration
	Respiratory oxygen consumption

	Results
	Growth
	Respiration
	Potential respiration and its relation to respiration

	Discussion
	Growth
	Respiration
	Potential respiration
	R/Φ
	Significance

	Summary
	Acknowledgements
	References




