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Influence of body mass, iood concentration,
temperature and filtering activity on the oxygen
uptake of the appendicularian Oikopleura dioica

Fabien Lombard*, Antoine Sciandra, Gabriel Gorsky

LOV, CNRS/UPMC, UMR 9073, Observatoire Océanologique, BP 28, 06234 Villefranche-sur-Mer, France

ABSTRACT: In appendicularians, filtering activity is known to vary inversely with food concentra-
tion. Here, we investigate the response of respiration rate to clearance rate (notably tail beating),
which is minimum in anesthetized animals and maximum in conditions of food deprivation. Respira-
tion of different size classes of the appendicularian Oikopleura dioica was measured at 15°C in 4 con-
trasting situations: in (1) high (H) and (2) low (L) concentrations of a lyophilized mixture of Isochrysis
galbana (haptophyceae), with Thalassiosira pseudonana (diatom) offered as food, (3) without food
and (4) in the presence of an anaesthetic. Measurements of the oxygen consumption in H concentra-
tion were repeated at 22°C to examine the effect of temperature on respiration. The weight-specific
respiration measured in H, L, and no food conditions were not significantly different. The absence of
an apparent relationship between the activities of filtration and respiration may be explained by the
unusual high basal oxygen consumption measured in anaesthetized appendicularians (67 % of the
total respiration rate of active animals). Our results also suggest that the respiration rate of O. dioica
was overestimated in past studies (1.6 to 2.0 times). Despite this, the respiration of O. dioica measured
in this study is generally higher than the rates reported for other zooplankton species. The Qo de-
termined from the temperature-dependent oxygen consumption (2.3) was close to the earlier obser-

vations.
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INTRODUCTION

Appendicularians (tunicates) are an important com-
ponent of the marine food web (Gorsky & Fenaux
1998). Their high specific growth and filtration rates
(Deibel 1998, Hopcroft et al. 1998) allow them to
rapidly clear large volumes of seawater. They live in
spherical mucous houses which concentrate food parti-
cles from ambient water (Flood & Deibel 1998). Appen-
dicularian tail beating induces water circulation
through the house (Flood & Deibel 1998) and the feed-
ing filters retain particles between 0.2 and 30 pm with
variable efficiency (Fernandez et al. 2004). Due to their
feeding behaviour, appendicularians bypass the classi-
cal food web and directly transfer the micron-sized
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particles to higher trophic levels such as small pelagic
zooplankton or fishes (Gorsky & Fenaux 1998, Purcell
et al. 2004). Appendicularians can form dense blooms
(Hopcroft & Roff 1995, Uye & Ichino 1995) resulting
from potentially very high growth rates, notably in
warm waters. One appendicularian can produce up to
19 houses per day (Oikopleura dioica at 25°C; Sato et
al. 2001). The discarded houses, enriched by the
trapped particulate matter contribute significantly to
the carbon export to deeper oceanic waters (Gorsky &
Fenaux 1998, Alldredge 2004, Maar et al. 2004).

The cosmopolitan species Oikopleura dioica used in
this work can be found from the Caribbean (Hopcroft
et al. 1998) to Sweden (Maar et al. 2004). Being
relatively easy to grow under controlled laboratory
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conditions (Fenaux & Gorsky 1985), this species is the
most studied of the appendicularians. However, little is
known about its physiology and in particular its re-
sponse to different food levels. The response of indi-
vidual growth to different trophic regimes is related to
food utilization (filtration, ingestion and assimilation)
and energy losses (house secretion, respiration). Thus,
all these processes need to be quantified within com-
plementary experiments to obtain a unified under-
standing of the biology of O. dioica.

Filtration rate, the most studied physiological pro-
cess in appendicularians, has been estimated for dif-
ferent temperatures (Paffenhofer 1976, Gorsky 1980,
King et al. 1980, Broms & Tiselius 2003), food concen-
trations (Selander & Tiselius 2003), and particle size
(Fernédndez et al. 2004). The filtration rate was related
to appendicularian size, temperature, concentration,
and nature of the food particles. Ingestion was mea-
sured for different algal species at various concentra-
tions (Acuna & Kiefer 2000), as well as the gut resi-
dence time (Lépez-Urrutia & Acuna 1999), and seemed
to depend on the food concentration. Sato et al. (2001)
studied the effects of temperature, algal concentration,
and salinities on the production of houses. The latter
was mainly dependent on the experimental tempera-
ture.

The only experimental studies specifically devoted
to the measurement of oxygen consumption by appen-
dicularians were those performed by Gorsky (1980),
Gorsky et al. (1984) and Gorsky et al. (1987); they
examined different temperatures and body sizes. Sur-
prisingly, there was, to our knowledge, no attempt to
clarify the relationship between food level and respira-
tion rate. Respiration studies performed with copepods
(Nival et al. 1972, Mayzaud 1973a, Ikeda 1977, Abou
Debs 1984), and large gelatinous species (Kremer
1982), revealed that, in most cases, starvation or low
food concentration tend to reduce their respiration
activity (Ikeda 1977). The extrapolation to appendicu-
larians may be open to question since Oikopleura
dioica responds to food deprivation by increasing its
feeding activity, in particular the frequency of its tail
beating (Selander & Tiselius 2003) that in turn should
increase the respiration.

In their growth models, Touratier et al. (2003) and
Lépez-Urrutia et al. (2003) proposed different hypothe-
ses to formalize the respiration process, which are not
completely satisfactory. Touratier et al. (2003) parame-
terized their model using the hypothesis that all the
assimilated energy not allocated for growth is respired,
with a coefficient of net growth efficiency derived from
a copepod growth model (Touratier et al. 1999). Ulti-
mately, this formalization leads one to consider that
respiration is related to food concentration, although
this effect was never proven for appendicularians. On

the other hand, Lopez-Urrutia et al. (2003), by using a
constant respiration rate, simply considered that no
relationship exists between respiration and growth
and, by extension, between respiration and food con-
centration.

In order to understand and model a more realistic
growth budget of Oikopleura dioica, the basal respira-
tion, the relationships between food concentration and
the respiration as a function of size and temperature
have to be determined within controlled-condition ex-
periments. To complement the study of Gorsky et al.
(1987), relating the effect of body size on oxygen con-
sumption, a first experiment was conducted to mea-
sure the oxygen consumption during the development
of 1 appendicularian cohort fed at 2 different food con-
centrations. This experiment was also designed to test
the hypothesis proposed by Touratier et al. (2003) that
the respiration of Oikopleura dioica may be related to
the available food concentration. A second experiment
was conducted to determine the difference in oxygen
consumption between starved and anaesthetized
appendicularians which corresponds to maximum fil-
tration activity (Acuna & Kiefer 2000, Selander &
Tiselius 2003) and basal respiration activity respec-
tively. The third experiment was performed to para-
meterize the effect of temperature on respiration in
optimal food conditions.

MATERIALS AND METHODS

Maintenance of appendicularians and algae cul-
tures. Although usually abundant in the North Lig-
urian Sea, Oikopleura dioica has been quasi absent
from this area since 1998. Laboratory cultures were
therefore initiated with O. dioica originating from the
Sars International Centre for Marine Molecular Biol-
ogy in Bergen (Norway), where permanent breeding
of this species is maintained throughout the year. Fer-
tilised eggs were transported from Bergen to Ville-
franche-sur-Mer by overnight mail in 200 ml plastic
cell culture flasks. Upon their arrival, embryos were
progressively placed in new fresh seawater to attenu-
ate the environmental stress (salinity, temperature).
Mass culture and experiments were conducted in a
15 + 1°C temperature-controlled room. Appendiculari-
ans were routinely cultured in 2, 5 or 20 1 polycarbon-
ate beakers. Plastic paddles were rotated at 10 rpm
(Fenaux & Gorsky 1985) to homogenise the cultures.
Each day, half of the culture volume was replaced with
20 pm filtered surface seawater from the Villefranche
bay, and mature animals were selected and transferred
into a 2 1 beaker of fresh seawater for spawning.
Axenic cultures of Isochrisis galbana (haptophyceae,
4 to 5 pm equivalent spherical diameter, ESD) and
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Thalassiosira pseudonana (diatom, 5 to 6 pm ESD)
grown at 20°C with sterile F/2 medium (Sigma) under
200 pmol quanta m~2 sec™! light intensity, were added
to maintain an optimal food concentration of approxi-
mately 10000 cells ml™? (Gorsky 1980). The food con-
centration was monitored with a particle counter
(Coulter Multisizer II).

Experimental design. Expt 1: The respiration rate
was measured daily on 2 populations originating from
a single synchronized spawn, and respectively kept at
high (H) and low (L) food concentrations (see below).
Fertilisation was set up with 45 to 55 mature females
and 25 to 35 mature males in a 2 1 beaker. Spawning
was synchronized through gentle mixing. Just after the
production of the first houses, the cohort was split up
into 2 identical populations subsequently submitted to
H and L food regimes. On Day 1, the volume of each
culture was augmented from 1 to 5 1 with fresh sea-
water, and the food concentrations adjusted accord-
ingly. On Day 2, cultures were split into 2 duplicates
(2 H and 2 L) and the volume adjusted again to 5 1l with
fresh seawater. From Days 3 to 5, appendicularians
which were not used for the incubation experiments
were transferred with a wide bore pipette into new 51
beakers of fresh seawater with the appropriate food
regime.

H and L food concentrations were representative, in
term of biomass, of mesotrophic and oligotrophic con-
ditions. From Days 1 to 3, the H food regime was
obtained by adjusting the concentrations of both
Isochrisis galbana and Thalassiosira pseudonana to
2000 cells ml™! in the appendicularian cultures. After
Day 3, these concentrations were doubled. The L food
regime was 6-fold lower than the H food concentration.

Each day, a known number of appendicularians
were sampled in the breeding beakers and prepared
for respiration incubations. In order to limit the bias
due to the respiration of algae and bacteria living in
faecal pellets and in the houses, appendicularians
were forced to leave their houses and placed in 0.2 pm
filtered seawater for 10 min. Then, animals with a new
house and empty (transparent) stomach were trans-
ferred for incubation into autoclaved 25 ml glass bot-
tles filled with O,-saturated, 0.2 pm filtered seawater.
Bacteria-free lyophilised algae were used during in-
cubation to feed the appendicularians in H or L food
concentrations. Cultures of Isochrisis galbana and
Thalassiosira pseudonana were concentrated by soft
centrifugation (500 x g for 15 min) and lyophilised for
12 h (-40°C, 0.4 mbar, VirTis Bench Top 3 Model).
Control experiments showed that the oxygen con-
sumption remained the same in filtered seawater with
(0.019 + 0.009 n1 O, ml* h™; n = 21) or without (0.018 =
0.002 pl O, mI"! h™!; n = 42) lyophilised algae, and that
such a lyophilised diet allowed Oikopleura dioica to

grow during 7 d at a rate similar to that obtained when
fed with fresh algae. According to this protocol, respi-
ration in this experiment was measured in duplicates
from Days 2 to 4, and in triplicates on Day 5, in both the
H and L food regimes. Nine control bottles without
appendicularians were prepared. Three were filled
with seawater only, 3 with H and 3 with L food concen-
trations.

Fifty individuals from Days 1 to 3, 30 on Day 4, and
20 on Day 5 were placed in the incubation bottles.
Experimental and control bottles were hermetically
closed, kept in the dark with wrapped aluminium foil,
and placed on an agitator rotating at 8 rpm. The dura-
tion of incubations was 12 h, and bottles with air bub-
bles or dead appendicularians were discarded.

At the end of the incubation period, experimental
and control bottles were sampled with a syringe, and
oxygen concentration was measured with a polaro-
graphic oxygen meter (Strathkelvin Instrument, Model
781 fitted with a Clark electrode). Body and gonad
lengths of Oikopleura dioica were measured with a
micrometer mounted on a stereomicroscope. Body
length was converted into carbon weight using the
relationship from King et al. (1980). This overall exper-
iment was conducted twice.

Expt 2: This experiment was conducted on large
appendicularians (>500 pm length) originated from a
synchronized culture (as described above). Following
the same incubation protocol, oxygen consumption of
Oikopleura dioica was measured under 2 experimental
conditions. In the first one, animals were placed in
0.2 pm filtered seawater to increase the tail beat fre-
quency as described by Selander & Tiselius (2003) and
thus the oxygen consumption; in the second one,
appendicularians were placed in fresh filtered sea-
water and anaesthetized with tricaine methanesul-
fonate (Sandoz MS-222). Commonly used in fisheries
as an anaesthetic, MS-222 is known to suppress motor
activity. Only the respiration derived from muscular
movement is affected among fishes (Leonard et al.
1999), whereas MS-222 does not affect cutaneous res-
piration. For appendicularians, MS-222 does not affect
the vital activities: spiracles and heart continue to
function normally (authors’ pers. obs.). Thus, since
motor activity and digestion are inhibited, MS-222
permits estimation of the basal respiration of motion-
less appendicularians. Test experiments showed no
difference in oxygen consumption between seawater
with (0.015 + 0.006 11O, ml"! h™%; n = 12) and without
(0.018 £ 0.002 pl O, mI"! h™!; n = 12) MS-222.

Preliminary tests were conducted to determine the
optimal incubation time for accurate respiration mea-
surements and for stress limitation of organisms. These
tests showed that 90 % of an appendicularian popula-
tion transferred into 0.2 pm filtered seawater with a
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new and clean house were still alive 6 h later, and that
50% of them were still occupying their house. We
decided to set the incubation time to 4 to 5 h with a
sufficient number (5 to 25) of large individuals. Under
both conditions (no food and anaesthetised), the oxy-
gen concentration in experimental and control bottles
was measured in triplicates.

Expt 3: In order to test the influence of temperature
on respiration, oxygen consumption was measured on
appendicularians cultivated as above but at 22°C. The
incubation time was shorter (2 h) with an H concentra-
tion of lyophilized algae and we used relatively large
appendicularians (500 to 900 pm trunk length) in order
to have accurate estimations of oxygen variation.
Incubations with and without animals (controls) were
performed in triplicates.

Respiration function. According to Moloney & Field
(1989) the different metabolic rates in animals follow a
general allometric law which can be applied to respira-
tion:

R =rx@Q x WP 1)

where R (ul O, ind™! h™!) is oxygen consumption, W is
body weight (ngC ind™!), b a scaling parameter, r
(n1 O, pg C* h™!y the specific respiration rate at 0°C, T
(°C) the temperature and Q, the 10th root of the Q
coefficient.

Since r, Q; and b are supposed to be species-specific
and thus constants we can, at a given temperature, fit
a power relationship to our data:

R =ax WP 2)

where a is the temperature-dependent metabolic rate.
Two metabolic rates a; and a, were measured at 2
temperatures T; (15°C) and T, (22°C). The Q) coeffi-
cient was then calculated using Egs. (1) & (2):

1

Q = [ﬁ)ﬁ (3)

a,

RESULTS

Four days after fertilization, the individual respira-
tion rate at 15°C was significantly higher in the H
(Fig. 1a) than in the L food conditions ({-test, Day 4: p =
0.028, n = 4; Day 5: p = 0.095, n = 6). Similarly, bodies
and gonads of individuals fed with more food reached
higher sizes at the same time (f-test, Day 4: p = 0.087,
n = 4; Day 5: p = 0.033, n = 6). At the end of the
experiment, the mean body size was 26 % higher in the
H (815 = 51 pm) compared to the L food regime (665 +
43 pm) (Fig. 1b). In most cases, the growth rate
calculated from the daily variation of individual carbon
weight was higher in the H concentration, and fol-
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Fig. 1. Oikopleura dioica. (a) Mean oxygen consumption
(n1 O, ind."! h7!) from Day 1 after fertilization to Day 5 fed with
H (high food concentration) and L (low food concentration)
conditions. Verticals bars denote the standard deviation.
(b) O. dioica mean body size (um) for H and L food concentra-
tion and mean gonad size for H and L food concentration.
Verticals bars denote the standard deviation

lowed a logistic tendency for the 2 trophic conditions,
i.e. with low value (0.21 to 0.37 d!) the first day, maxi-
mum values (1.33 to 1.35 d™!) between Days 2 and 3,
and reduced values afterwards (0.40 to 1.08 d}).
When plotted against individual weights, the respi-
ration rates measured at H, L, and no food conditions
(at 15°C) were very similar (Fig. 2). This suggests that
the difference in respiration was ultimately driven by
the appendicularian size variation and not by the avail-
able food concentration. For these 3 experimental con-
ditions, an appendicularian of 4 pg C respired approx-
imately 0.11 pl O, h™! and on log-transformed data, the
regression intercepts (log r+ Tlog @) and the slope (b)
were not significantly different (covariance analysis
F, 49=3.16, p > 0.05; F; 49 = 0.48, p > 0.05 respectively).
At 15°C, anesthetized appendicularians consumed
33% less oxygen (0.06 pul O, ind."' h™! for a 4 pg C body
mass appendicularian) than the active ones (Fig. 2). On
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Fig. 2. Oikopleura dioica. Relationship between carbon body
weight (ngC ind.”!) and respiration (plO, ind.”* h™!) when
incubated at 15°C with H (high food concentration), L (low
food concentration), no food, and anaesthetic; and at 22°C

with H food regime. Carbon body weight was obtained from
body length using the relationship from King et al. (1980)

log-transformed data, the slope of the respiration ver-
sus body size relationship was similar for animals with
or without anaesthetics (covariance analysis Fj 43
0.78, p > 0.05), with an allometric coefficient, b,
approximately equal to 0.75 (Table 1), the intercept
however was significantly different (covariance analy-
sis Fj 63 = 5.30, p < 0.05).

For a given size, the oxygen consumption of nor-
mally fed appendicularians was systematically higher
at 22°C (0.2 plO, ind.™! h™! for a 4 pgC body mass
appendicularian) than at 15°C. The 22°C experiments
had significantly different intercepts than the experi-
ments conducted at 15°C (covariance analysis F; 59 =
24.56, p < 0.05) but had similar slopes (covariance
analysis F; 59 = 0.51, p > 0.05). Therefore, oxygen
consumption—-body weight relationships can be con-
sidered similar for H, L, and for no food conditions
(Fig. 3). The difference between the experiments at

Table 1. Parameters of the allometric relationship between oxygen consumption

(R, 11O, ind.”! h™') and appendicularian weight (W, ng C). The form R = a W?

was used when only 1 experimental temperature was present and the form R =

a@;"W? was used between 15°C (high [H], low [L] and no food conditions) and
22°C when calculation of the Qo parameter was possible
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Fig. 3. Oikopleura dioica. Relationship between carbon body
weight (ng C ind."!) and oxygen consumption (1 O, ind.”' h™!)
for active O. dioica at 15°C, and 22°C and for anaesthetized
appendicularians at 15°C; continuous lines: least-square re-
gressions for data fitted with a power model; dotted lines:
95% confidence intervals for power regressions. Relation-
ships for H (high food), L (low food) and no food conditions at
15°C were not significantly different and were pooled. The
coefficients of the power regressions between oxygen con-
sumption (R, pl O, ind.”' h™!) and body weight (W, ng C ind.™)
are listed in Table 1

15 and at 22°C allows us to estimate a Q; coefficient of
approximately 1.09, corresponding to a Qo of 2.3.
The calculated specific respiration rate at 0°C (r) is
0.011 pl O, pg C' h™! (Table 1).

DISCUSSION

The comparison of the respiration rates measured in
this work with those measured in previous studies indi-
cates that results are sensitive to experimental proto-
cols, and that previous respiration rates of appendicu-
larians were sometimes overestimated. For example,
the respiration rates of Oikopleura
dioica determined at the same temper-
ature by Gorsky (1980) and Gorsky et
al. (1987) were respectively 2.03 and
1.62 times higher than in the present
study. Because appendicularians are

relatively small (100 to 1500 pm trunk
Expt a b Qo Q r? n 1 :

ength) and contain low levels of meta-
H 15°C 0.028 + 0.002 0.73 + 0.05 081 23 bolic reserves (Deibel 1998), the deter-
L 15°C 0.024 + 0.003  0.62 = 0.06 0.85 23 mination of their respiration rates
No food 15°C 0.042 £0.003  0.57 £ 0.08 089 8 requires rather long incubation times
Anaesthetized 15°C 0.016 = 0.001 1.05 £ 0.08 0.93 15 during which food is prOVided to avoid
H 22°C 0.057 £ 0.005 0.89 £ 0.10 091 10 tality. In th diti the back
H+L+No food 15°C  0.032 £ 0.002  0.75 + 0.04 0.85 54 mortality. In these conaitions, the back-
Pooled data 0.011 0.75 230  1.09 ground respiration due to free or stom-

ach-accumulated phytoplanktonic cells
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is enhanced by appendicularian excretion and by the
activity of bacteria developing on faecal pellets. It has
been shown that the amount of algae retained in the
appendicularian stomach can be important (Lépez-
Urrutia & Acuha 1999), and that digestion is often
incomplete (Gorsky 1980, Gorsky et al. 1999). Presum-
ably, the incubation time, the food concentration, the
use of non-autoclaved vials, and the incomplete emp-
tying of the digestive tract prior to the incubations may
explain the higher values obtained by Gorsky (1980)
and Gorsky et al. (1987). In order to reduce as far as
possible these biases, seawater was pre-filtered at
0.2 pm, incubation bottles were rinsed with acid and
autoclaved, incubation time was shortened, and only
appendicularians in new houses with empty stomachs
were incubated in the present study. The use of
lyophilized algae allowed adequate feeding of the
appendicularians during incubations while preventing
phytoplankton respiration.

Although not statistically different, the weight-
specific exponent b obtained for the various experi-
mental conditions presents some variability. For the
different food regimes at 15°C, it varies from 0.57 to
0.75, and increases respectively to 0.89 and 1.05, at
22°C and for anesthetized animals at 15°C. These dif-
ferences are essentially due to the fact that the size
range of Oikopleura dioica individuals used during
incubations was relatively narrow. This coefficient has
been shown to vary in relation to the nutritional status
(Barnes & Barnes 1969), temperature (Conover 1960,
Ikeda 1974, Ivleva 1980), and salinity (Milliou &
Moraitou-Apostolopoulou 1991). For O. dioica, the pre-
cision of our measurements do not allow us to detect
significant differences between the different experi-

mental conditions tested, and we thus consider that the
mean value of 0.75 applies to all of them. This value
falls in the range previously determined for appendic-
ularians: for O. dioica 0.72 (Gorsky 1980), and 0.61 to
0.72 (Gorsky et al. 1987) and for O. longicauda 0.87
(Gorsky et al. 1984).

According to the mean b value of 0.75 determined in
our experiments, which is similar to that given by
Hemmingsen (1960) for poikilotherms, the slope of the
appendicularian respiration versus size relationship
is closer to the crustaceans than to the gelatinous
zooplankton. A b value of 0.77 was determined for Eu-
phausia pacifica (Table 2) at 8 and 12°C (Ross 1982), and
0.75,0.84 and 0.82 (Table 3) were determined for differ-
ent copepod species (Nival et al. 1972, Vidal 1980). A
very low value of 0.45 was also measured for some
euphausid species such as Meganictyphanes norvegica
(Mayzaud 1973a). Gelatinous zooplankton are most
often characterized by a higher weight-specific expo-
nent averaging 1.0 to 1.05 for salps (Cetta et al. 1986,
Biggs 1977), 0.9 to 0.98 for epipelagic ctenophores
(Kremer et al. 1986, Svetlichny et al. 2004), between 0.98
and 1.02 for deep sea ctenophores (Youngbluth et al.
1988) and 1.26 for some hydromedusa (Biggs 1977).

The temperature effect on a specific physiological
activity, such as respiration, filtration, digestion and
others, is generally quantified through the convenient
Qo expression, even if other formulations exist (see
Ivleva 1980). For Oikopleura dioica, a respiration Qg
of 2.30 was determined in the 15 to 22°C range, which
is very close to the value of 2.25 found by Gorsky et al.
(1987) between 15 and 24°C for the same species
(Table 3). It is worth noting that the Q;, determination
depends on the temperature range for which it has

Table 2. Relationship between respiration (R, pl O, ind.”* h™!) and body weight (W, pg C ind.™}) for different zooplankton groups. The
form R = aW" was used when data for only 1 temperature was available and R = aQ,” W” was used when Q,, could be calculated

Source Species T (°C) a b Q1o Q
Cetta et al. (1986)° Salpa fusiformis chain 13-19 0.087 0.68
Salpa fusiformis solitary 13-19 0.006 1.15
Ross (1982)* Euphausia pacifica 8 0.008 0.77
12 0.010 0.77

8-12 0.004 0.77 2.03 1.07
Gorsky (1980) Oikopleura dioica 15 0.081 0.80
23 0.175 0.34

15-23 0.019 0.72 2.62 1.10
Gorsky et al. (1984) Oikopleura longicauda 20 0.192 0.87
Gorsky et al. (1987)? Oikopleura dioica 15 0.071 0.71
calculated from 20 0.094 0.72
data points 24 0.147 0.62

15-20 0.030 0.68 1.77 1.06

20-24 0.010 0.68 3.03 1.12

15-24 0.021 0.68 2.25 1.08

“Respiration calculated for 15°C or measured in this temperature range (see Fig. 4a)
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Table 3. Same as Table 2 but using ash-free dry weight (ug ind.™!). The present experiment was converted into dry weight using

the Paffenhofer (1976) size/ash-free dry weight relationship

Source Species T(°C) a b Qo @
Nival et al. (1972)* Copepods 15 0.002 0.84
Other zooplankton 15 0.004 0.52
Mayzaud (1973)? Meganyctiphanes norvegica 13 0.361 0.45
Ikeda (1974) Zooplankton 4-14 0.057 0.78
11-17¢ 0.127 0.76
17-22 0.321 0.66
25-28 0.481 0.60
Nival et al. (1974)* Copepods 13-23 0.002 1.02 2.47 1.10
Vidal (1980)® Calanus pacificus 8 0.009 0.83
12 0.012 0.83
15.5 0.015 0.82
0.006 0.82 1.75 1.06
0.005 0.82 1.90 1.07
0.006 0.82 1.82 1.06
Present experiments Oikopleura dioica H15°C 0.017 0.76
L 15°C 0.016 0.64
No food 15°C 0.028 0.59
Anaesthetized 15°C 0.008 1.10
H 22°C 0.032 0.93
H+L+No food 15°C 0.020 0.78
Pooled data 0.007 0.74 1.99 1.07
“Respiration calculated for 15°C or measured in this temperature range (see Fig. 4b)

been calculated (Mayzaud 1973b, Conover 1978), and
that this complicates inter-comparisons. For example,
Gorsky et al. (1987) found Qyq values of 1.77 and 3.03
in the ranges 15 to 20°C and 20 to 24°C, respectively.
The respiration Qo estimated for O. dioica is higher
than those found by Broms & Tisselius (2003) for filtra-
tion (Qqp = 1.78, 10 to 20°C) or for gut clearance (Qo =
1.46, 10-20°C Lépez-Urrutia & Acuna 1999) but is
similar to those found by Sato et al. (2001) for house
production (Qp = 1.90 to 2.2, 15 to 25°C). These results
indicate that, at a higher temperature, respiration is
relatively more enhanced than filtration and digestion,
suggesting that growth efficiency should decrease.

At the same temperature, the weight specific respi-
ration rate of appendicularians is significantly higher
than in many other zooplankton species (Fig. 4). The
Oikopleura dioica oxygen consumption measured in
the present study is 2.85 times higher than for Euphau-
sia pacifica (Ross 1982), 7 times higher than for the
copepods and macroplankton (Nival et al. 1972), and 4
to 17 times higher than the rates reported by Ikeda
(1974) for mixed zooplankton samples. Our results are
in the range measured for Calanus pacificus (Vidal
1980) and for copepods (Nival et al. 1974) (1.14 and
1.46 times higher, respectively).

According to the literature, respiration has generally
been measured on food-deprived animals in order to
avoid the background respiration of living particles

such as bacteria or algae (Mayzaud 1973a, Mayzaud &
Dallot 1973, Ivleva 1980, Kremer 1982, Ross 1982), and,
only in a few cases, on feeding organisms (Milliou &
Moraitou-Apostolopoulou 1991, Thor 2003). The re-
sponse of appendicularians to the different food condi-
tions tested in this study is rather surprising. The respi-
ration remained practically unchanged whatever the
food condition including starvation. This result is in
strong contradiction with the significant decrease of
respiration observed by many authors on starved or
food-limited species of copepods (Nival et al. 1972,
Abou Debs 1984, Milliou & Moraitou-Apostolopoulou
1991), salps (Cetta et al. 1986), ctenophores (Kremer
1982, Kremer et al. 1986) or pooled zooplankton spe-
cies (Nival et al. 1972, Mayzaud 1973a, lkeda 1977).
Only in a few cases was the oxygen consumption
shown to remain constant or to increase with decreas-
ing food concentration (Mayzaud & Dallot 1973 on
Sagitta setosa).

Individual respiration reflects the sum of 3 main
metabolic costs (Conover 1978, Vidal 1980): mainte-
nance, motor activity including filtration, and diges-
tion. Selander & Tiselius (2003) have shown that the
filtration activity of appendicularians is greatly stimu-
lated by food deprivation. Thus, a higher respiration
rate in starved appendicularians might be expected
but this was not observed. One possible hypothetical
and unverifiable explanation is that the expenses due
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Fig. 4. Oxygen consumption of different zooplankton groups
compared with Oikopleura dioica. These data were calculated
for 15°C or studied in the same temperature range. (a) Rela-
tionship between organism carbon weight (ugC ind.™) and
oxygen consumption (ul O, ind.”' h™!). Least-square regression
(thick line), 95 % confidence interval (dotted lines), of active O.
dioica at 15°C. Data is also shown for O. dioica at 15°C (Gorsky
1980, Gorsky et al. 1987), Euphausia pacifica (Ross 1982) and
for Salpa fusiformis in chain and in solitary form (Cetta et al.
1986). (b) The relationship between organisms ash-free dry
weight (AFDW pg ind.”!) and oxygen consumption (ulO,
ind."! h™!). Least-square regression (thick line) and 95 % confi-
dence interval (dotted lines) for active O. dioica at 15°C, data
were calculated from size using the Paffenhofer (1976) rela-
tionship. Copepod data are also shown from Nival et al. (1972,
1974), for pooled zooplankton (Nival et al. 1972, Ikeda 1974),
for Meganyctiphanes norvegica (Mayzaud 1973), and for
Calanus pacificus (Vidal 1980)

to filtration are offset by the reduction in digestion
activity. Another hypothesis relies on the unusually
high basal respiration recorded from Oikopleura
dioica in this study. Basal respiration is amongst the
most difficult to measure (Conover 1978), and very

few data have been collected on zooplankton. Never-
theless, our results show that basal respiration of
appendicularians, which is about 67 % of total respi-
ration, is higher than in salps (15 to 30 %; Trueman et
al. 1984), copepods (20%; Kierboe et al. 1985) or
ctenophores (22 %; Svetlichny et al. 2004). This differ-
ence, which could explain the higher respiration in
appendicularians compared to other zooplankton spe-
cies, can be related to the metabolic cost induced by
the production of new houses, and the intense ciliary
movement in spiracles and the digestive tract. Respi-
ration due to filtration and digestion represents only
34% of the total respiration. Selander & Tiselius
(2003) showed that the effort required for filtration is
related to the algal concentration with a maximum
activity of 510 tail beats min™' and with minimum
activity of 380 tail beats min~'. Moreover if we apply
the food concentrations of the present study to their
relationship, the tail-beating frequency should range
between 450 and 510 tail beats min~'. If one consid-
ers that the active respiration rate is directly propor-
tional to the tail beating frequency and that respira-
tion due to digestion is negligible, the increase in
total respiration due to the motor activity in the lower
concentrations should be 4 %, a value too small to be
detected. In extreme cases shown by Selander &
Tiselius (2003) with algal concentrations ranging from
0 to 1300 pug C 1! we should observe a difference of
only 10%.

In contrast with other numerous zooplankton groups,
appendicularians seem to lack regulatory mechanisms
for respiration. This has some implications on the
survival of Oikopleura dioica over long starvation peri-
ods. Based on the respiration rates measured in this
study and on the N excretion rates given by Gorsky et
al. (198%7), the preliminary calculated O:N ratio range is
low (7 to 10), suggesting a protein-based metabolism
with no or low metabolic storage (Mayzaud & Conover
1988). O. dioica had few or no dietary reserves (Gorsky
1987, Deibel 1998) and a high turnover rate; assuming
arespiratory quotient of 0.87 (Mayzaud et al. 2005), the
oxygen consumption rates measured for O. dioica
(1 pg C weight) at 15 and 22°C correspond to carbon
turnover rates of 41 and 74 % d°!, respectively. These
values are similar to those observed for salps (31%
average; Cetta et al. 1986), but are higher than those of
crustaceans (10 to 15% on Euphausia pacifica, Ross
1982; 1.4 to 23% on Oithona similis, Castellani et al.
2005). These turnover rates did not equal the total car-
bon turnover rate of appendicularians, as the house
production, which represents an important part of the
balance (130 to 290%; Sato et al. 2001) was not
considered in this study. Considering the case of ex-
clusively protein-based metabolism, Mayzaud (1973a)
concluded that, in the case of starvation, basal meta-
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bolism might be sustained by the body mass degrada-
tion. The rate of degradation would increase with the
decrease of available metabolic substrate, although
the respiratory rate remains constant as observed for
appendicularians. Therefore, appendicularians cannot
survive over long periods without food (15 h in our pre-
liminary experiments, 48 h for Gorsky 1980), contrary
to other zooplankton species such as Eucalanus bungii
bungii which can be starved for 113 d, 49 d for Calanus
plumchus (Ikeda 1974), 35 d for Calanus finmarchicus
(Mayzaud 1976), and 18 d for Sagitta setosa (Mayzaud
& Dallot 1973; for more data see Ikeda 1974). Accord-
ing to Ikeda (1974), the time of zooplankton survival in
starved conditions is dependent not only on the animal
reserves but equally on its weight specific respiration
rate. We have shown that the active and basal respira-
tion rates in appendicularians are higher than in most
zooplankton species. In the case of a long-term starva-
tion period (over 8 h), we have observed that appen-
dicularians cease to produce houses. Animals then
start to break down their oikoplastic cells layer as
described by Fenaux & Gorsky (1983) for O. Iongi-
cauda, and finally resorb their digestive system
(Fenaux & Gorsky 1983, authors' pers. obs.), but not
their gonads, which can mature rapidly in certain
cases. These conditions of total starvation are unusual
in the sea because appendicularians can feed upon
submicronic particles (Gorsky et al. 1999, Ferndndez et
al. 2004), including colloidal particles (Flood et al.
1992). They are also able to survive at very low parti-
cles concentrations (Lopez-Urrutia et al. 2003) by
increasing their filtration rate (Acufa & Kiefer 2000,
Selander & Tiselius 2003). This leads to the assumption
that their adaptive strategy is based on increasing their
filtering rate in unfavourable conditions rather than on
the regulation of their metabolism. This strategy may
be considered as an adaptation to low food conditions
but it does not allow survival during long periods of
actual starvation.

Finally, among the 2 hypotheses considered in the
models of Lépez-Urrutia et al. (2003) and Touratier et
al. (2003), the more realistic is that the respiration rate
is independent of food concentration (Lopez-Urrutia et
al. 2003). These models should be further developed in
order to test the adaptive strategies which allow suc-
cessful development of appendicularians in all marine
regimes, including extreme conditions.
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