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ABSTRACT: Populations may adapt in response to selection pressures imposed by global environmental change. In marine zooplankton, measurements of the heritability of key life history characters, and thus the potential for evolution, are still rare. Here we demonstrate the feasibility of conducting controlled mating experiments with the dioecious appendicularian Oikopleura dioica to
explore the narrow-sense heritability and genetic correlation among morphological and life history
traits. At our standard laboratory conditions (15 ± 1°C, 100 μg C l–1), mature females were larger
(1.213 ± 0.19 mm, mean ± SD) and lived longer (8.5 ± 2.18 d) than did males (1.115 ± 0.15 mm, 7.6 ±
2.07 d). The heritability (± SE) of morphological characters was low (trunk size, 0.37 ± 0.25; house size,
0.39 ± 0.23) to moderate (tail length, 0.50 ± 0.31). In contrast, an important life history trait, lifespan,
showed high heritability (0.89 ± 0.47) and may therefore respond rapidly to selection pressure, either
in the laboratory or in the wild.
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INTRODUCTION
There is accumulating evidence of shifts in the distribution and phenology of plankton communities, most
probably in response to global warming (e.g. Beaugrand et al. 2002, deYoung et al. 2004, Richardson &
Schoeman 2004, Hays et al. 2005). These shifts may
potentially lead to mismatches in the life cycle of interacting species with consequences on the productivity
and biodiversity of marine ecosystems (e.g. between
fish and their plankton food, Cushing 1990, Ottersen et
al. 2001, Beaugrand et al. 2003). The new distributions
result from an equilibrium between dispersal ability,
physiological adjustment and/or evolutionary adaptation to the new conditions (Gienapp et al. 2008). But
just how much of the response is due to evolution
remains a great mystery because the documented
responses are often based on nongenetic data (Gienapp et al. 2008). This is an important issue, since physiological adjustment or phenotypic plasticity are fast,
but limited, while the slow evolutionary process has

broader limits and allows for an efficient, specialized
response to new environmental conditions.
The microevolutionary process requires the existence
of variance in a phenotypic trait on which selection will
operate through fitness differences of the underlying
genotypes. The strength of selection will depend on the
heritability of that trait, that is, on the strength with
which that trait is passed from parents to offspring, or
the degree of resemblance between parents and offspring for that particular trait (Falconer & Mackay
1996). The variability and heritability of different phenotypic traits has been studied in several marine organisms, with particular emphasis on economically relevant species, because they indicate the potential for
genetic improvement through artificial selection (e.g.
Sheridan 1997, Charo-Karisa et al. 2006, Neira et al.
2006). Quantitative genetic studies on zooplankton
have focused mainly on freshwater organisms, like
copepods (Wyngaard 1986a,b, Hairston & Dillon 1990),
and the clonal cladoceran Daphnia spp., one of the most
widely used organisms for genetic and ecological stud-
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ies (e.g. Ebert et al. 1993, Spitze 1993). Only a few studies have focused on marine zooplanktonic species, most
of them on copepods (McLaren 1976, Bradley 1978,
McLaren & Corkett 1978, Avery 2005).
Progress in understanding the evolutionary process
is facilitated using short-lived, fecund, diploid organisms with small genomes (Mitchell-Olds 1995). The
appendicularian Oikopleura dioica is a diploid, semelparous, marine pelagic tunicate that takes only 6 to 7 d
to mature at 15°C (Sato et al. 2001, Troedsson et al.
2002), produces more than 300 eggs per female under
suitable conditions (Troedsson et al. 2002) and has the
smallest metazoan genome known (Seo et al. 2001). In
contrast to the copepods, for which quantitative
genetic information is available, appendicularians do
not store lipid reserves (e.g. Troedsson et al. 2005), do
not have dormancy stages and exhibit a highly opportunistic lifestyle characterized by marked population
outbursts (up to 53 000 individuals [ind.] m– 3, Uye &
Ichino 1995). Unlike most copepods, appendicularians
are true filter feeders that capture particles by means
of a filter house, which is a delicate, external, mucous
filtering apparatus. These organisms move the tail
sinusoidally and periodically to pump a flow of water
through the mucous filters (Fenaux 1986), which they
renew every few hours (ca. 3 h at 15°C in laboratory
conditions, Sato et al. 2001). Using this device, they
trap food particles in the submicronic size range (Bedo
et al. 1993), which is well below the typical food size
range of most copepods. Appendicularians are eaten
by many planktonic organisms (Gorsky & Fenaux
1998, Sommer et al. 2003, López-Urrutia 2004) and are
a significant food item for commercially important
fishes (Capitanio et al. 2005, Purcell et al. 2005). Thus,
they provide a shortcut in the food web by directly
transferring energy from small particles to larger
predators (Deibel 1998, Gorsky & Fenaux 1998).
The appendicularian Oikopleura dioica can be cultured in the laboratory for several generations (Bouquet et al. 2009), thereby providing an opportunity to
investigate the quantitative genetics of a marine zooplankton organism that are different from copepods in
many important ecological respects, and phylogenetically closer to humans (Delsuc et al. 2006). The aim of
the present study was to conduct a controlled mating
experiment to determine the individual variability and
heritability of important morphological and life history
traits in O. dioica. This work is a first approximation
to understand the genetic variation of an appendicularian population. In addition to sexual dimorphism,
our study reveals a significant individual variability in
traits that are closely related to fitness. We also showed
that much of this variability has a genetic basis, thus
these organisms are potentially susceptible to genetic
selection, either in the laboratory or in the wild.

MATERIALS AND METHODS
Sampling and experimental conditions. Parental
Oikopleura dioica for the experiments were collected
on 23 April, 23 May and 12 October 2005 at the
El Musel harbour in Gijón, northern Spain, by manually towing a WP2 net (50 μm mesh size, 40 cm mouth
diameter) from the pier. Instead of using a large closed
codend as advised for the collection of live appendicularians (e.g. Acuña et al. 1999), we used a conventional
small codend with a filtering window, which can concentrate a large number of appendicularians. This
more than compensates for losses due to damage during concentration within the codend. The contents of
the codend were brought to a cold room set at 15 ± 1°C
with a simulated 12 h light:12 h dark photoperiod.
Healthy individual O. dioica inside filter houses were
then transferred with wide bore pipettes to a 5 l glass
jar filled with 30 μm filtered seawater containing 100
μg C l–1 of a mixture of Isochrysis galbana (Prymnesiophyte, 5 μm diameter, 10.6 ± 0.3 pg C cell–1; 70% by
volume) and Chaetoceros calcitrans (Bacillariophyta,
3 μm diameter and 5 μm length, 4.6 ± 0.3 pg C cell–1;
30% by volume) (see Acuña & Kiefer 2000 for details
on phytoplankton culturing), which was continuously
stirred by an acrylic spiral paddle rotating at 10 rpm
(Fenaux & Gorsky 1985). O. dioica is a semelparous
species that when mature breaks off and releases the
gametes. An experienced observer can determine
whether a mature or premature tunicate is male (yellowish gonad, Fig. 1d) or female (whitish gonad with a
granulate texture due to the eggs, Fig.1a) and whether
the organism is close to laying the gametes (swelling,
large gonads). Once a sufficient number of mature
organisms or those close to maturity appeared in the
flask, they were picked and individually isolated in
0.25 l glass jars filled with seawater filtered through a
0.8/0.2 μm pore-size capsule filter (Pall Acropak™
1000 Sterile Capsules) and agitated with a glass paddle rotating at 10 rpm. These tunicates were allowed to
spawn in the beakers, and the gametes were used for
the mating experiment. All breeding experiments
were conducted under the conditions mentioned
above (15 ± 1°C, 12 h light:12 h dark photoperiod and
100 μg C l–1 of algae).
Breeding design. We used a dam–sire, half-sib
breeding design to examine the patterns of quantitative genetic variation of the traits studied (Roff 1997).
In this design, one male (e.g. Male 1) is crossed with a
number of females (e.g. Females 1, 2 and 3), another
male (e.g. Male 2) is crossed with a number of other
females (e.g. Females 4, 5 and 6), and so on. Thus, a
series of half-sib families is produced. In our experiment, within 3 h of natural spawning, sperm of one
male was used to fertilize eggs of 3 females, and the
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Fig. 1. Oikopleura dioica. (a–c) Mature females (d) male and (e,f) eggs from 1 female. Thick lines and letter codes indicate morphological measurements of the trunk length (TrL), gonad length (GL), tail length (TL), house size (HS) and egg diameter (ED)

time was recorded for further calculation of the lifespan. After fertilization, embryos of each full-sib family
were transferred into 5 l glass jars filled with 0.2 μm filtered seawater and the 2 algae. This protocol was
repeated for 13 sires (3 sampled on 23 April, Expt 1; 5
sampled on 23 May, Expt 2; 5 sampled on 12 October,
Expt 3) for a total of 39 full-sib families. After 1 d of
development, 10 appendicularians from each full-sib
family were randomly selected and placed in a beaker.
The animals were transferred to fresh, 0.2 μm filtered
seawater every day until maturation.
Measurements. Once the animals were close to
maturity (i.e. not more than 6 h before spawning), they
were photographed with a video camera (Leica IC A)
mounted on a binocular microscope (Leica MZ 12.5) in
combination with the MGI Video Wave SE Plus software. Morphology was determined with 4 measurements from the lateral view: trunk length, gonad
length and tail length, as well as the sum of the trunk
and gonad lengths to obtain the total body size. The
size of the house was also estimated as the width or
wingspan of the food concentrating filter in dorsal view
(Fig. 1) after a small amount of Sepia ink was added to
visualize the transparent feeding filter of the house
(Flood et al. 1990).

After being measured, the animals were transferred
separately to 20 ml beakers and continuously monitored during night/day shifts until they spawned. The
time was recorded to calculate the lifespan, and the
eggs were recovered from the flasks and counted
under a binocular microscope (Leica MZ 12 5) (Fig. 1e).
The average diameter of 10 eggs per female was determined by means of an inverted microscope (Zeiss
Axiovert 25) equipped with a video camera (Sony SSCC370P) and with MGI Video Wave SE Plus in combination with Image Pro Plus image analysis software
(Fig. 1f).
In summary, we analyzed the following morphological traits: trunk length (TrL, mm; Fig. 1a), gonad length
(GL, mm; Fig. 1a), tail length (TL, mm; Fig. 1c) and
house size (HS, mm; Fig. 1b). The life history traits analyzed were: lifespan (L, days), clutch size (CS, number
of eggs per female) and egg diameter (ED, mm; Fig.1f).
Traits were log transformed to achieve normality and
homogeneity of variances. For each individual female
for which CS and L were available, we also estimated
the maximal intrinsic rate of natural increase of Oikopleura dioica as:
ln CS
(1)
r max =
L
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where rmax (d–1) can be taken as a measure of fitness in
semelparous organisms without parental care such as
O. dioica (Troedsson et al. 2002).
Data analysis. First, we tested the effect of experiment date by including in the model ‘date’ as a fixed
factor with 3 levels (23 April, 23 May and 12 October).
The other factors included were ‘sire’, random and
nested within date (with 3, 5 and 5 males for each date,
respectively) and ‘dam’, random and nested within sire
(with 3 females per male). Procedure ‘Mixed’ (SAS
Institute) was used for all analyses using restricted
maximum likelihood (REML) estimation (Littell et al.
1996), which is used instead of least squares estimation
for unbalanced designs (Shaw 1987). Variables were
log transformed for normalization. Estimated variance
components (among sire: σ2S; among dam: σ2D; among
progeny: σ2P) were used to calculate the causal variance components (Falconer & Mackay 1996). The additive genetic variance (VA) is 4 times the among-sire
variance, i.e. VA = 4σ2S . The maternal/common environmental variance (VM) is VM = σ2D – σ2S , and the
residual variance (VR) is the among-progeny or within
full-sib family variance, i.e. VR = σ2P. The sum of these
3 components is the total phenotypic variance (VP).
We used the among-sire component to estimate VA
because it minimizes potential bias due to dominance
and maternal effects included in the among-dam variance component (Falconer & Mackay 1996). We then
estimated the narrow-sense heritability (h 2 ) following
Roff (1997) as:
h2 =

4σ S2
VA
=
VP
VP

(2)

Significance of the additive genetic component (VA)
of each model was assessed by comparing the full
model with a reduced model lacking the additive
genetic component using a log-likelihood ratio test
(Saxton 2004). Determination of SE values of heritability estimates followed protocols described by Roff
(1997).
Phenotypic correlations between traits were calculated as Pearson’s product-moment correlations using
procedure CORR (SAS Institute 2002). Additive genetic correlations, rA, are defined as:
rA =

COVA
VA1VA2

(3)

where COVA is the covariance between the additive
genetic values for the 2 traits and VA1 and VA2 are the
additive genetic variances for each trait. Significance
of the genetic covariance was assessed using a likelihood ratio test (Saxton 2004) by comparing the likelihood of the model containing the genetic covariance

component with the reduced model in which the
genetic covariance was fixed at 0.
Throughout this work, we present tables containing
several simultaneous statistical tests originating from
the same experiment (i.e. H0: h2 = 0, H0: rA = 0). To protect against the experimental Type I error, that is, to
avoid chance rejection of the null hypothesis when it is
in fact true in all cases, correction procedures have
been devised, the most popular one being the sequential Bonferroni adjustment (Quinn & Keough 2002).
This correction is based in lowering the critical α,
which may lead to an increased Type II error rate and
result in significant reductions of the power of the tests,
particularly in those studies involving many simultaneous comparisons (Moran 2003). Therefore, exploratory
studies of heritability face a tradeoff in using as many
potentially important traits as possible at the cost of
greatly lowering the power of the individual tests to
detect significant heritabilities. Also, the Bonferroni
correction may not represent a sensible approach for
unrelated hypothesis, even if they are not independent
(Quinn & Keough 2002). Unfortunately, there are no
clear indications on how to proceed, and researchers
choose to either report or not report the Bonferroni correction, while some recommend simply not to apply it
in ecological studies (Moran 2003) or to apply some
other, less strict alternative (García 2004). In this context, our approach has been to examine as many traits
as possible and to report uncorrected individual tests
along with their exact p-values.

RESULTS
Individual variability and phenotypic correlations
At the constant temperature and food conditions of
our study, individual variability was remarkably high.
Coefficients of variation (CVs) for life history traits (L,
CS and rmax) were very high (27, 73 and 31% respectively; Table 1). Morphological traits showed less but
substantial variation, with CVs ranging between 16
and 23% (Table 1). Females were significantly larger,
had bigger gonads, houses and tails and lived longer
than males (t-test: p < 0.01; Table 2). Sex cannot be
identified visually in premature animals; therefore,
sexes were not perfectly balanced between families
(although a sex ratio of 1:1 was found in this experiment). To avoid loss of power, sex was not included as
a factor in the subsequent analyses. In this study, 74%
of males and 60% of females spawned overnight (data
not shown) indicating some degree of diel synchronization.
According to our measured phenotypic correlations,
mature appendicularians with longer trunks had big-
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Table 1. Oikopleura dioica. Descriptive statistics of life history
and morphological traits. rmax: maximal intrinsic rate of natural increase (d–1); L: lifespan (d); CS; clutch size (eggs
female–1); ED: egg diameter (mm); TrL: trunk length (mm);
GL: gonad length (mm); HS: house size (mm); TL: tail length
(mm). Min–Max: minimum and maximum values; %CV: coefficient of variation; N: sample size

same environment. However, assuming that the transfer of environmental variance from progeny to dams
does not alter the total phenotypic variance (see Eq. 2),
this design renders an acceptable estimation of h2
based on the sire component of variance (Relyea 2005).

Trait

Mean (SD)

Min–Max

%CV

N

Genetic correlations

rmax
L
CS
ED
TrL
GL
HS
TL

0.601 (0.18)
8.048 (2.17)
122.5 (87.2)
0.098 (0.01)
0.695 (0.11)
0.465 (0.09)
3.998 (0.92)
3.352 (0.60)

0.31–1.11
4.580–14.17
22.0–644
0.065–0.130
0.362–1.024
0.192–0.813
1.664–6.893
2.040–5.120

31.0
27.1
72.9
10.9
16.2
19.2
23.1
18.2

130
351
130
131
318
318
283
308

Genetic correlations of lifespan with the other traits
matched the phenotypic correlations and were positive
with TrL, HS and TL. Longer-lived families had significantly lower fitness than shorter-lived families
(Table 4). Correlations between GL and the other traits
could not be calculated (Table 3) because the estimate
of the additive variance component for GL used in the
denominator of Eq. (3) was zero (Table 4).

ger feeding structures (HS and TL), developed bigger
gonads and produced larger clutches (i.e. there were
positive correlations between TrL, GL, HS, TL and CS;
Table 3). However, longer-lived organisms, which had
bigger trunks, houses and tails, developed smaller
gonads than shorter-lived appendicularians (Table 2).
This suggests that there may be a cost in terms of egg
production in organisms that took longer to mature
under our experimental conditions. Since longer-lived
appendicularians did not produce more eggs, fitness
decreased significantly with lifespan (Table 3).

Heritability
Heritabilities were significant — that
is, there were significant additive
genetic variances — for L and TL, and
marginally significant for TrL, HS and
rmax (p < 0.07 for VA component,
Table 4). The heritabilities for these
traits were high, ranging from 0.37
(trunk length) to 0.89 (lifespan). These
values could be biased low because
full-sib families were raised in the

DISCUSSION
Controlled mating experiments with
appendicularians
This is the first controlled mating experiment conducted on a gelatinous zooplankton species. The
experiment has revealed a marked individual variability of important life history traits in the coastal appendicularian Oikopleura dioica. Most importantly, it has

Table 3. Oikopleura dioica. Phenotypic (above the diagonal) and genetic (below
the diagonal) correlations among traits. Genetic correlations involving GL were
not estimated due to its lack of genetic variation. See Table 1 for abbreviations
of traits. *p < 0.05, **p < 0.01, ***p < 0.001
Trait
L
CS
TrL
GL
HS
TL

L

CS

0.001
0.142
0.935** –0.018
0.811* –0.563
0.996** –0.200

TrL

GL

HS

TL

0.345*** –0.120*
0.299***
0.472*** 0.743*** 0.308***
0.519*** 0.706***
0.411***
0.697
0.917*
0.797*

rmax

0.457*** –0.903***
0.326*** 0.427***
0.671*** 0.007
0.361*** 0.387***
0.618*** 0.045
–0.223*

Table 2. Oikopleura dioica. Descriptive statistics of life history and morphological traits for males and females. Differences
between sexes were evaluated with paired t-tests (after testing for homogeneity of variances using Levene’s test). F:M ratio is the
ratio of female and male traits. See Table 1 for abbreviations of traits. *p < 0.05, **p < 0.01, ***p < 0.001
Female
%CV

Trait

Mean (SD)

L
TrL
GL
HS
TL

8.505 (2.18)
0.738 (0.11)
0.475 (0.10)
4.427 (0.91)
3.530 (0.62)

25.6
14.9
21.1
20.6
17.6

N

Mean (SD)

158
147
142
127
146

7.645 (2.07)
0.658 (0.10)
0.457 (0.08)
3.649 (0.78)
3.197 (0.55)

Male
%CV
27.1
15.2
17.5
21.4
17.2

N

F:M
ratio

Levene
F

t-test
t

174
171
170
156
161

1.11
1.12
1.04
1.21
1.10

0.164
2.395
3.442
0.071
0.959

–3.609***
–6.872***
–1.990*
–7.607***
–4.862***
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Table 4. Oikopleura dioica. Estimates of additive (VA), common environment/maternal (VM), residual (VR) and phenotypic (VP)
variance components accompanied by their SE value in round brackets and heritabilities (h2) for life history and morphological
traits. Genetic correlations (rA) with fitness (rmax) are also shown. Significant p-values are in square brackets (ns: not significant).
Numbers in bold text indicate significant and marginally significant values. See Table 1 for abbreviations of traits
Trait

VA (SE)

VM (SE)

VR (SE)

VP (SE)

h2 (SE)

rA

rmax

0.0253 (0.0258)
[0.070]
0.0148 (0.0105)
[0.036]
0.0191 (0.0189)
[ns]
0.0004 (0.0006)
[ns]
0.0020 (0.0016)
[0.068]
0.0000 (0.0000)
[ns]
0.0043 (0.0031)
[0.061]
0.0033 (0.0022)
[0.019]

0.0116 (0.0101)
[ns]
0.0019 (0.0034)
[ns]
0.0000 (0.0047)
[ns]
0.0000 (0.0002)
[ns]
0.0001 (0.0006)
[ns]
0.0012 (0.0004)
[0.028]
0.0000 (0.0012)
[ns]
0.0000 (0.0007)
[ns]

0.0000 (0.013)
[ns]
0.0000 (0.005)
[ns]
0.0511 (0.013)
[ns]
0.0020 (0.001)
[ns]
0.0032 (0.001)
[ns]
0.0065 (0.001)
[ns]
0.0068 (0.002)
[ns]
0.0035 (0.001)
[ns]

0.037 (0.008)
[ns]
0.017 (0.003)
[ns]
0.070 (0.008)
[ns]
0.002 (0.001)
[ns]
0.005 (0.001)
[ns]
0.008 (0.001)
[ns]
0.011 (0.001)
[ns]
0.007 (0.001)
[ns]

0.69 (0.40)

1.00

0.89 (0.47)

–0.93
[0.009]
0.15
[ns]
0.62
[ns]
–0.87
[0.047]

L
CS
ED
TrL
GL
HS
TL

shown that part of this variability has a genetic basis
and can thus be the subject of natural or artificial selection. The generation time, which facilitates a first-order
approximation to fitness (our Eq. 1; Troedsson et al.
2002), has been found to be highly heritable (Table 4).
However, we propose 2 notes of caution.
First, mating experiments with appendicularians are
extraordinarily time-consuming. Appendicularian
cultures require frequent changes of water due to accumulation of discarded filter houses, faeces and excretion products. Efforts to automate the culture conditions
(e.g. Bouquet et al. 2009) will help to achieve more ambitious experimental designs. Second, mating experiments involve replication at different levels to extract
information on phenotypic variance at each of these
levels. In dam–sire experiments, replication occurs at
the male, female and offspring levels (Falconer &
Mackay 1996). Variability within full sibs provides the
error term for the females, while variability at the female level provides the error term for the males. To ensure independent replication and proper assessment of
the error term, individual offspring should be separated
from each other, and their experimental chambers
(beakers) properly interspersed. In our experiment, it
was logistically impossible to isolate each individual in
a separate beaker; thus, groups of full sibs were kept together in the same beaker. There could be a potential
for life cycle synchronization among full sibs, since they
share a common environment (i.e. they may synchronize their spawning to increase fertilization efficiency),
thus the among-progeny variance would be decreased
while the among-dam variance would be increased.
This would lead to an underestimation of the error term

0.27 (0.32)
0.18 (0.28)
0.37 (0.25)
0.00 (0.08)
0.39 (0.23)
0.50 (0.31)

[ns]
–0.90
[0.044]
–0.92
[0.020]

and would artificially inflate the power of our test to detect female effects. However, the transfer of environmental variance from progeny to dams would not alter
the total phenotypic variance (Eq. 2) and the estimation
of the heritability based on the sire component of variance would be acceptable (Relyea 2005).

Sexual dimorphism
In our experiment, female Oikopleura dioica lived
1.11 times longer than males and had trunks, gonads,
filter houses and tails that were 1.12, 1.04, 1.21 and
1.10 times larger, respectively, than those of males
(Table 3). Sexual dimorphism is not unknown in
appendicularians. Troedsson et al. (2005) found differences in fatty acid composition between sexes probably related to egg development, while Lombard et al.
(2009a) detected higher nitrogen content in female
gonads but no difference in morphometry. Sexual
dimorphism is also common among zooplankton
organisms. In calanoid copepods, the female:male ratio
is 1.08:1 for the lifespan (Smith & Lane 1985) and
around 1.15:1 for the body size (e.g. Gilbert &
Williamson 1983, Grad & Maly 1988, Maly & Maly
1998). Thus, male O. dioica, like copepods, seem to follow the ‘live fast, die young’ strategy that is common in
the animal kingdom (Bonduriansky et al. 2008) and has
been explained by differences in the mortality patterns
between sexes (Vinogradov 1998). Certainly, predation on O. dioica by copepods may be intense (LópezUrrutia 2004) and top-down control is probably an
important factor in the regulation of their populations
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(Stibor et al. 2004), but there are no data to support a
difference among sexes in mortality patterns. An alternative explanation for the sexual dimorphism in lifespan may relate to differences in reproductive investment. Lombard et al. (2009a) observed that males
spawned earlier than females in synchronized cohorts
and nitrogen content was higher in female gonads.
They suggested that the different protein investment
in gamete production may indicate that sperm is less
costly to produce than are eggs, and therefore maturation of males may be faster than that of females.
Indeed, lifespan was correlated with trunk, house and
tail sizes; therefore, females, which lived longer, were
bigger than males (Table 2).
In addition, female Oikopleura dioica produced filter
houses that were 1.2 times bigger (linear dimension)
than those of males (Table 2). If we assume that
resource acquisition increases linearly with filter surface (Acuña 2001) and filter surface increases as the
second power of its linear dimension, this implies that
the female:male filter surface ratio would be ca. 1.5:1,
and that females gather 1.5 times more food than do
males in the same conditions. Clearly, these aspects of
the sexual biology of O. dioica deserve further attention. It is worth noting that this is the only dioecious
appendicularian; thus, a comparative study may render interesting insights into the origin and limitations
of sex in the pelagic realm.

Variability and heritability
All the studied morphological traits showed high
individual phenotypic variability, with CVs ranging
from 16.2 to 23.1% (Table 1). This variability is maintained when both sexes are analyzed separately
(Table 2). Other studies have highlighted substantial
amounts of individual variability for some components
of the feeding behaviour in Oikopleura dioica (e.g.
Bochdansky & Deibel 1999, Selander & Tiselius 2003).
High degrees of individual variability in size and activity parameters seem to be a universal phenomenon.
Båmstedt (1988) showed a high variability in body size,
maturity and physiological activity in natural populations of copepods, which was probably explained by
the high environmental variance of the aquatic environment. But he also found that part of this great variability persisted in copepods held under constant laboratory conditions, which he explained by either their
nutritional history or inheritance.
Tail length was significantly heritable, but trunk and
house size showed marginally significant heritability
(Table 4). Among the copepods, the amount of genetic
variance in body size seems to depend on the environmental conditions (e.g. McLaren 1976, McLaren & Cor-
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kett 1978, Wyngaard 1986b,a), which points to the
existence of phenotypic plasticity. This could be the
case in appendicularians, where body size has been
found to be strongly dependent on temperature or food
availability in batch experiments (Troedsson et al.
2002, Lombard et al. 2009a,b). Controlled mating
experiments conducted at contrasting environmental
conditions should help in deciphering the reaction
norms governing size plasticity in appendicularians.
These are the first systematic measurements of HS in
an appendicularian under controlled conditions, and
their average is slightly smaller than the house diameter of 5 mm measured by Lohmann (1899) and 5.7 mm
estimated from pictures in Lombard et al. (2010).
House size was very variable (CV = 23%) but no significant genetic variation was observed, which indicates
that this feeding structure is strongly dependent on the
environment. An expected result is the correlation
between the length of the tail and the size of the house
(Table 3). Oikopleura dioica are filter-feeding organisms that move the tail sinusoidally to pump water
through the filters of the house (Fenaux 1986). The tail
fits the tail chamber in the house to maintain seamless
peristaltic pumping function; thus, a genetic correlation between tail length and filter house size is to be
expected.
In our experiment, Oikopleura dioica produced on
average 122 eggs per female, which is less than
165 reported by Lombard et al. (2009a) under similar
food and temperature conditions and well below 303
observed by Troedsson et al. (2002) who used protocols
that maximized reproductive output (Bouquet et al.
2009). This suggests that some noncontrolled environmental variable (e.g. pH, salinity) may not have been
optimal for egg production during our experiment. No
significant genetic variation was observed in gonad or
clutch size (Table 4), which indicates that gonad output
is strongly dependent on the environment, as suggested by reproductive (Ganot et al. 2007) and life
cycle studies (Troedsson et al. 2002). Phenotypic correlations also indicate a clear allometric effect, in which
larger females produce significantly bigger gonads
and larger clutches, an effect that is already well
established for appendicularians (Paffenhöfer 1976).
However, our study reveals that a higher reproductive
output of larger females does not translate into higher
fitness. One reason is that large females are older, as
revealed by a positive correlation between L and TrL
(Table 3), thus their larger CS is offset by their longer
lifespan. Another reason is that CS is encapsulated
within a log term in the numerator of Eq. (1) for the calculation of fitness, while L is in the denominator without any transformation. Thus, small variations in L
produce relatively large effects on the fitness than do
similar variations in CS.
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episodes may have strong effects on the outcome of an
Oikopleura dioica cultured at a unique food concenexperiment. Unfortunately, characteristics of the inoctration and temperature lived 8.05 d on average
ula are rarely reported or controlled in experiments
(Table 1), which agrees well with a prediction of 8.5 d
with appendicularians (but see Bouquet et al. 2009).
using the ecophysiological model developed by LomThe extreme phenotypic and the genetic variability
bard et al. (2009b) for these particular conditions.
highlighted in the present study have important impliHowever, the lifespan was extremely variable in our
cations. This species inhabits the marine environment,
experiments, with a range from 4 to 14 d (Table 1), durand several key ocean properties are globally changing which many of the observations were conducted
ing (Mann et al. 1999, Jones et al. 2001). Predictions of
under a variety of food concentrations and temperathe response of organisms to these changes are usually
tures (see Fig. 4 in López-Urrutia et al. 2003; range
based on functional responses derived from laboratory
between 1 and 23 d). This trait is also highly heritable.
experiments (López-Urrutia et al. 2003). However, our
Such genetic variance in a life history trait can only be
results suggest that microevolutionary responses to
sustained if the environment is far from equilibrium
natural selection should not be neglected. For exam(e.g. Bell 1997, Hoffmann & Merila 1999, Byers 2005),
ple, a decrease in predation pressure by copepods or
otherwise a constant selection pressure will tend to
other predators might impose a selection for longer
remove variance from that trait, as shown experimenappendicularian lifespan.
tally (e.g. Gustafsson 1986, Mousseau & Roff 1987,
Lastly, there is also potential for artificial selection.
Kruuk et al. 2000) and theoretically (Fisher 1930). CerOur results show the potential of Oikopleura dioica as
tainly in the planktonic ecosystem, populations of
a model organism for studies of ageing based on selecthese extremely short-lived organisms often experition for short or long lifespan (Spitze 1995).
ence rapidly changing conditions within and between
generations (Sgró & Hoffmann 2004). In particular, life
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