MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 398: 109–125, 2010
doi: 10.3354/meps08273

Published January 5

Prediction of ecological niches and carbon export
by appendicularians using a new multispecies
ecophysiological model
F. Lombard1, 2,*, L. Legendre1, M. Picheral1, A. Sciandra1, G. Gorsky1
1

Laboratoire d’Océanographie de Villefranche, Université Pierre et Marie Curie Paris 06 and CNRS, UMR 7093, LOV,
06230 Villefranche-sur-Mer, France
2

Present address: DTU Aqua, Technical University of Denmark, Kavalergården 6, 2920 Charlottenlund, Denmark

ABSTRACT: We developed, calibrated and validated an ecophysiological model that represents food
consumption, growth and production of faecal pellets and discarded houses during the life cycle of
Oikopleura dioica, O. longicauda, O. fusiformis and O. rufescens, which are among the most abundant appendicularian species in the ocean. The forcing variables of the model are temperature (T )
and food concentration. We calculated the growth rates of the 4 species and predicted the dominant
species as a function of environmental conditions on 3 ecological applications. Firstly, we used the
seasonal changes in T and chlorophyll a (chl a) in the English Channel to predict the seasonal succession of the 4 species. Secondly, using sea surface T and chl a data from the MODIS satellite, we determined the dominant appendicularian species over the World Ocean, thus providing a first-ever
description of appendicularian biogeography over the 4 different seasons. Thirdly, we applied our
model to in situ observations performed with the Underwater Video Profiler during the POMME 3
cruise in the Northeastern Atlantic in 2001. In areas of high appendicularian concentrations (135 ind.
m– 3), the appendicularians grazed daily only 0.6% of the stock of total particulate carbon. Of this
grazed material, 21% was used for growth, 14% was respired and 65% was lost as detritus. Based on
our model predictions, we concluded that at 2 of the 4 sampling stations, the integrated mass of detritus produced by the appendicularian population equalled or exceeded the carbon flux recorded in
sediment traps at 200 m depth. This indicated high rates of disaggregation and/or consumption of
these particles during their transit to depth.
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INTRODUCTION
Appendicularians are among the most common
members of mesozooplankton communities, where
they are often the second numerically most abundant
group after copepods (Landry et al. 1994). They contribute to actively transfer biogenic carbon to depth
(Robison et al. 2005) through their large production of
fast-sinking discarded houses and faecal pellets
(López-Urrutia & Acuña 1999, Sato et al. 2003, Alldredge 2005), high growth rates (Hopcroft & Roff

1995), short life cycles (Fenaux 1976), and ability to
feed intensively on small particles (Fernández et al.
2004). They also play an important role in marine food
webs as grazers of the ecosystem’s microbial components and food source for lager organisms (Gorsky &
Fenaux 1998, Zubkov & López-Urrutia 2003, Purcell et
al. 2005). Because different appendicularian species
have different metabolic rates, notably their filtration
rate and production of discarded houses (Sato et al.
2003, 2005), they have different effects on the ecosystem (López-Urrutia et al. 2005) and, thus, on biogeo-
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chemical fluxes. Hence, it is important to identify these
organisms to the species level in order to estimate their
potential ecological or biogeochemical roles.
Appendicularians are not well sampled using traditional in situ collection methods such as plankton nets,
pumps or bottles. Firstly, because the distribution of
appendicularians is often patchy (Fenaux et al. 1998),
discrete sampling may miss part of the population. Secondly, plankton nets often underestimate true appendicularian concentrations (Fenaux & Palazzoli 1979, Fenaux 1986, López-Urrutia et al. 2005) when compared
with water sampling methods (e.g. Niskin bottles) or
video observations (Benfield et al. 1996, Remsen et al.
2004). This is mainly due to extrusion of organisms
through the net mesh, sticking within the net, and destruction of fragile forms when captured (Gallienne &
Robins 2001, Halliday et al. 2001, Hopcroft et al. 2001,
Warren et al. 2001). Thirdly, species identification of organisms from net samples is often impossible due to
partial destruction of specimens.
Recent advances in zooplankton imaging technology
have allowed direct in situ observations at small spatial
scales. These instruments, such as the underwater
video profiler (UVP; Gorsky et al. 1992, 2000a, Stemmann et al. 2008), the video plankton recorder (VPR;
Davis et al. 1992) and the shadowed image particle
profiling and evaluation recorder (SIPPER; Samson et
al. 2001), provide high-definition images that allow for
the recognition of different taxonomic groups with a
high spatial resolution. These imaging devices are
often more effective than nets for studying the distributions of fragile plankton (Norrbin et al. 1996, Dennett
et al. 2002, Stemmann et al. 2008). Unfortunately,
because images do not provide all the details needed
for taxonomic identification, data from this type of
observations are often limited to broad taxonomic categories (Stemmann et al. 2008), and identification of
appendicularians from images of their houses is limited to a few species only (Flood 2005).
Because of these limitations, taxonomic studies on
appendicularians are not often realized in traditional
sampling or are impossible in the case of imaging
device observations. There is then a need to give a first
order estimation of the taxonomical nature of the
assemblage. The species composition of appendicularian populations seems to be largely determined by
temperature (T ), salinity and food concentration (Fenaux et al. 1998, López-Urrutia et al. 2005). Because
there is generally a clear temporal succession of species (Fenaux et al. 1998), it may be possible to determine the potentially best-adapted species for given
sets of environmental conditions.
In the present study, we propose a new modelling
approach with multispecies calibration of a metabolic
balance model (Lombard et al. 2009). This model is

based on appendicularians’ physiology, and the central
objective of the present study is to assess the extent to
which the physiology of different species can explain
their spatio-temporal distributions at sea. We illustrated the use of the model with 3 ecological applications, which were based on the ecological niches of 4
appendicularian species. We determined the niches
following the approach of Levins (1968), who used the
environmental hypervolume in which one species has
the greatest fitness compared to others. In the first
application, we predicted the seasonal succession in
the English Channel, and compared the prediction
with existing data. In the second application, we provided a first estimation of the ocean-wide biogeography of dominant species and compared the results with
literature data. In the third application, we estimated
the effects of appendicularians on water-column biogeochemical carbon processes at stations in the Northeastern Atlantic Ocean.

MATERIALS AND METHODS
Model. The overall organisation and behaviour of
our model was described by Lombard et al. (2009) for
the appendicularian Oikopleura dioica (Appendix 1).
This physiological model defines appendicularian
growth as the difference between the intake of carbon
(filtration, ingestion, assimilation) and the metabolic
losses and expenses (faecal pellets, respiration, house
secretion). The forcing variables are T (°C) and food
concentration (µgC l–1). The simulated variables (carbon units) are the appendicularian trunk and gonad
mass, the mass of secreted houses, and the losses in
discarded houses, faecal pellets and respiration. Here,
we adapted the model for 3 additional appendicularian
species, i.e. O. longicauda, O. fusiformis and O. rufescens (see below). The 4 modelled species are among
the most abundant appendicularian species in the
global ocean (Fenaux et al. 1998). The parameters used
in the model are listed in Table 1.
The parameters controlling filtration and ingestion
(f, t10f, b, kf, imax, ki) of Oikopleura longicauda,
O. fusiformis and O. rufescens were calculated directly
from the data in Sato et al. (2005). For O. longicauda,
the parameters controlling respiration (r2, t10 and a)
were estimated from experimental results (Gorsky et
al. 1984b) and from Lombard et al. (2005). Parameters
corresponding to respiration and first house production during the larval stage were calibrated according
to the length of the embryonic phase and the relative
mass of a single house (Sato et al. 2003). The other parameters were calibrated using least-square minimization (Nelder-Mead simplex method) between model
outputs and experimental observations of growth that
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Table 1. Oikopleura spp. Model parameters: symbol, description, value and units for the 4 appendicularian species. wd:
dimensionless
Symbol

Description
O. dioica

r1
r2
t10
a
h0
th
t10f
kf
b
f
imax
amax
ka
ki
fh
p
b1
k1
b2
k2
St
Sb0
G0

Respiration rate at 0°C during the development phase
Respiration rate at 0°C during the growth phase
10th root of the Q10 coefficient for respiration
Exponent of the allometric equation for
respiration at 0°C
House secretion rate at 0°C during the
development phase
First house deployment threshold
10th root of the Q10 coefficient for filtration
Half-saturation constant for the filtration
Exponent of the allometric equation for filtration at 0°C
Maximum food intake for filtration at 0°C
Maximum fraction of food not ingested
Maximum fraction of food not assimilated
Half-saturation constant for the assimilation efficiency
Half-saturation constant for the ingestion efficiency
Fraction of assimilated food allocated to
houses secretion
Fraction of assimilated food allocated to gonad
during growth phase
Exponent of the Holling type III relationship for the
gonad matter allocation increase after hatching
Half-saturation constant for the gonad matter
allocation increase after hatching
Exponent of the Holling type III relationship for the
gonad matter allocation increase during maturation
Half-saturation constant for the gonad matter
allocation increase during maturation
Spawning threshold
Mass of 1 egg (mass of structural biomass at t = 0)
Mass of gonad at t = 0

included generation time (Fenaux & Gorsky 1983, Sato
et al. 2003), and energy budget of house secretion
(Sato et al. 2003). This algorithm made it possible to locate the set of parameters that minimized the differences between the model and the experimental data.
A specific carbon to chlorophyll a ratio (C:chl a)
(Flynn et al. 1994) obtained with the haptophyte Isochrysis galbana was used for the experimental results
(i.e. the experiments that involved the appendicularian
species; Sato et al. 2003). All experimental data and
in situ observations expressed in chl a concentrations
were transformed into carbon units using the variable
C:chl a conversion factor issue from the PISCES model
(Aumont & Bopp 2006). This model implemented
worldwide the phytoplankton growth model of Geider
et al. (1997), and provided C:chl a ratios as a function of
latitude, season, and depth, taking into account the
influence of T, irradiance and nutrient availability. The
variable C:chl a ratio provides a better representation
of food availability than a constant ratio, but phytoplankton does not represent the whole range of parti-

Values
O. longi- O. fusif- O. rufescauda
ormis
cens

Units

0.035 µgC µgC–1 d–1
0.1163 µgC µgC–1 d–1
1.1
wd
0.9
wd

0.07276
0.1086
1.08717
0.75

0.01
0.048
1.15
0.9

0.035
0.1416
1.1
0.9

0.022

0.004

0.03

0.153
1.07
150
0.9
3.7
0.85
0.9
130
200
0.35

0.053
1.103
518
0.75
8.736
0.99
0.99
120
150
0.57

0.12
1.091
301
0.9
7.8
0.99
0.9
300
120
0.57

0.23
wd
1.0896
wd
259
µgC l–1
0.87
wd
5.28 µgC µgC–1 d–1
0.8
wd
0.8
wd
80
µgC l–1
80
µgC l–1
0.41
wd

0.13

0.092

0.0946

0.1298

wd

2

2

2

2

wd

0.06

0.069

0.066

0.069

wd

6

6

6

6

wd

0.32

0.48

0.447

0.48

wd

0.76
0.038
0.00076

0.7
0.04
0.0012

0.7
0.04
0.0008

0.7
0.06
0.0012

wd
µgC
µgC

0.03

µgC µgC–1 d–1

cles grazed by appendicularians at sea, which also
include heterotrophic organisms (i.e. bacteria and
microzooplankton) and small organic detritus. Even if
appendicularian food in our model should take into
account the types, size spectra and quality of potential
food particles, the only data available in most cases are
chl a concentrations. In such situations, we used chl a
as a first order estimator of the available food.
In situ observations in the English Channel. In order
to validate model predictions (below) against seasonal
successions of appendicularians, we used in situ observations of appendicularians made by López-Urrutia et
al. (2005) in the English Channel. Because our model is
based on the physiology of organisms, it can only be
applied when physiology is the main factor controlling
appendicularian succession. In other words, it cannot
be used when horizontal transport by currents controls
the appendicularian assemblages. We then focussed
our study on samples from the L4 site (off Plymouth,
UK), which is the only location where a succession
involving 3 of the 4 modelled species was observed.
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The organisms were collected weekly with 200 µm
mesh plankton nets (vertical tows: 0 to 50 m) in 1999
and 2000. All appendicularian species were identified
and enumerated.
In order to apply our model, we used the T and chl a
observed weekly at the same location and during the
same period as appendicularians. The data had been
sampled weekly using a CTD (T °C) or a fluorimetric
method on water sampled at 10 m (chl a). The potential
food for appendicularians (µgC l–1) was estimated from
the observed chl a using a seasonally variable C:chl a
ratio at the corresponding depth and location (PISCES
model; see ‘Model’).
In situ observations from satellite images. In order to
apply the model on a larger geographic scale, we used
the mean seasonal values (2002 to 2005) of sea surface
temperature (SST) and ocean colour derived chl a from
the MODIS satellite (OceanColor Web, NASA, http://
oceancolor.gsfc.nasa.gov/). Because the ocean colour
images do not include the sub-surface chl a maximum,
we estimated the depth and concentration of this chl a
maximum following the methodology developed by
Morel & Berthon (1989) as modified by Uitz et al. (2006).
The available food concentration (µgC l–1) was estimated for each season using the PISCES variable
C:chl a ratio at the depth of the chl a maximum.
In situ observations in the North Atlantic. In situ
observations of appendicularians were made in the
North Atlantic Ocean during the POMME (Programme
Ocean Multidisciplinaire Meso Echelle) research cruises. The study area was located off the Iberian Peninsula (39 to 45°N, 15 to 21°W). Sampling took place in
winter 2001 (POMME 1), spring 2002 (POMME 2) and
late summer 2002 (POMME 3). Each cruise consisted
of 2 legs: Leg 1 was a spatial survey of the study zone,
and Leg 2 focused on selected ‘long stations’ that were
sampled during 48 h.
During Leg 2 of the POMME 3 cruise, the UVP
model 4 (UVP4) (Gorsky et al. 2000b) was deployed at
4 stations, where it recorded large numbers of appendicularians. These were not represented in the oblique
BIONESS zooplankton tows (0 to 700 m oblique tows;
500 µm mesh size), and were largely undersampled in
the vertical WP2 tows (0 to 200 m vertical tows; 200 µm
mesh size; V. Andersen & L. Mousseau, pers. comm.).
The UVP recorded information on particles >100 µm,
i.e. large marine snow and zooplankton. Abundances
and size distributions of living and non-living objects
were determined down to 1000 m depth. The UVP4
uses two 54 W Chadwick Helmuth stroboscopes synchronized with 2 video cameras. The beams are spread
into a structured 8 cm thick slab by 2 mirrors. The particles illuminated in volumes of 1.25 and 10.5 l are
recorded simultaneously by the 2 cameras. Appendicularians were counted from the wide-angle camera,

which surveys ~120 m3 for a 0 to 1000 m cast. The short
duration of the flashes (pulse duration = 30 µs) allows
for a fast lowering speed (up to 1.5 m s–1) without deteriorating image quality. The 0 to 1000 m water column
was sampled with only minor overlapping between 2
successive images. The images are processed in situ
during the recovery of the instrument. The total number of profiles recorded at each station are given in
Table 2. All profiles were examined by experts and
appendicularians enumerated. For each station, the
mean concentration of appendicularians were calculated over 5 m depth bins.
Additional information was collected with a CTD
SBE911 Rosette. Total particulate carbon (TPC) was
estimated from bio-optical profiles (spectrophotometer
ac-9 WETLabs®; Moore 1994) by converting the
555 nm beam attenuation into TPC using the conversion factor determined during the cruise, compared to
water samples filtered through GF/F filters and
analysed with a Robobrep Europa Scientific® analyzer
(Merien 2003). TPC was used as food concentration in
the model. This measurement is probably more representative of the food available to appendicularians
than chl a, despite the fact that TPC includes large particles that appendicularians cannot filter as well as
detritic matter of low nutritional value.
From the in situ observations of abundance, we estimated the effect of filter-feeding appendicularians on
the consumption of small particles (e.g. algae, bacteria), the production of large particles (discarded
houses, faecal pellets), and the organic matter involved
in respiration and growth. We proceeded in 2 steps:
firstly, we identified the species having the highest
growth rate based on environmental parameters (food
concentration in carbon units, T °C), which we assumed
to be the dominant appendicularian species; secondly,
we used the model parameterized for that species for
the whole life cycle of the appendicularian using the
observed environmental conditions in order to estimate the mean daily rates of filtration, growth, respiration, and house and pellet production. We used these
individual rates to calculate a resulting rate for the
whole population observed at every depth bin at each
sampling station.
Table 2. Geographical locations of stations during the
POMME 3 Leg 2 cruise, and number of UVP profiles used for
appendicularian identification
Station

Latitude

Longitude

No. of UVP profiles

S1
S2
S3
S4

40.1° N
42.2° N
41.4° N
42.52° N

18.7° W
19.83° W
22.05° W
17.97° W

3
4
5
4
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RESULTS AND DISCUSSION

rectly reproduced, even if the life span of O. longicauda and O. rufescens are underestimated at the
highest T (Figs. 1 & 2). This small discrepancy may be
due to over-simplified representation of the length of
the spawning window in the model, which considers
the properties of a single mean individual, whereas in
the real population, individual variability exists due
notably to the fact that the larger, ripe individuals
released their gametes and died before the slowly
growing individuals, which reproduce later (Sato et al.
2003). The early spawning of the largest individuals
could explain the negligible growth of O. rufescens
observed at the end of its life cycle (Fig. 2). However,
this possible misrepresentation of the life span at high
T has no effect on the estimates of growth rate, and
only the estimates are used in the following applications.

Model calibration
The results of model calibrations on the life cycles of
Oikopleura longicauda, O. fusiformis and O. rufescens
are presented in Figs. 1 & 2. The parameter values for
each species resulting from the calibration are given in
Table 1. Figs.1 & 2 show that a single model based on
a small number of physiological observations (Sato et
al. 2003, 2005), and calibrated with species specific
sets of parameters is sufficient to simulate each of their
life cycles.
Simulations are consistent with observations obtained for the species grown at different T (Figs. 1 & 2).
Growth rates are correctly estimated until the beginning of reproduction (i.e. 1 or 2 d before the end of the
experiment). The length of the life cycle is also cor15

Growth rates and ecological niches
Sato et al (2003) 17°C

A

Sato et al (2003) 20°C

B

10

Carbon weight (µgC)

5

0
15

C

Sato et al (2003) 23°C

D

Sato et al (2003) 26°C

E

Sato et al (2003) 29°C

F

Fenaux & Gorsky (1983) 20°C

10

5

0
15

10

5

0
0
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4

6

8

10

12

Day
Fig. 1. Oikopleura longicauda. Growth curves at different temperatures. Dots:
experimental data from Sato et al. (2003) and Fenaux & Gorsky (1983). Lines:
model simulations

Over a wide range of stable conditions of food and T, the model simulates
similar trends of growth rates for the 4
species (i.e. including Oikopleura
dioica; Lombard et al. 2009) (Fig. 3)
with optimum values observed in
mesotrophic conditions and for high
T (i.e. 100 to 150 µgC l–1, T > 25°C). Of
the 4 species, O. fusiformis shows
the highest growth rate under these
optimum conditions. Fig. 3 also indicates the environmental conditions
that may support positive growth for
the different species. Compared to O.
dioica (Fig. 3A), the other 3 species
(Fig. 3B,C,D) seem to have higher
growth at high food concentrations. In
addition, O. longicauda seems to be
strongly growth limited at low T
(Fig. 3B) and O. rufescens appears only
little affected by high food concentrations (Fig. 3D).
The limits within which the growth is
positive provide a first indication of the
breadth of the fundamental niche
according to Levins (1968), who defined
the ecological niche as a measure of fitness in a multidimensional space. However, definitions of the fundamental
niche may be inappropriate for natural
populations because when several species are present, their ecological niches
are reduced by competitive exclusion
and thus become realized niches
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15
A

O. fusiformis Sato et al (2003)

10

Carbon weight (µgC)

5
23°C
Model 23°C
26°C
Model 26°C
0
15
B

O. rufescens Sato et al (2003)

10

5
23°C
Model 23°C
26°C
Model 26°C
0

Day
Fig. 2. Oikopleura fusiformis, O. rufescens. Growth of (A)
O. fusiformis and (B) O. rufescens at different temperature
(T ). Dots: experimental data from Sato et al. (2003). Lines:
model simulations. At 23 and 26°C (O. rufescens) and 26°C
(O. fusiformis), the last experimental points correspond to the
end of reproduction period. As these organisms died after
spawning, the population stopped increasing in size
(plateau); these points were not used in the model calibration

(Hutchinson 1957). We obtained a simplified estimation of the realized niche breadth for each of the 4 species by comparing their growth rates, and thus determined which species has the highest growth rate
under a set of environmental conditions. This approach
is implemented in Fig. 4 and is, as far as we know, the
first estimation of the realized niches of appendicularian species related to their physiology and growth ability as a function of T and food concentration.
Using this simplified representation of the realized
niche of each species, we defined, with due consideration of the limitations of the approach (Hutchinson
1961, Wilson 1990), the environmental conditions
within which each species has the highest growth rate

and may thus theoretically dominate the assemblage.
Fig. 4 shows that Oikopleura dioica does well in low-T
(< 20°C) mesotrophic to eutrophic conditions, O. longicauda has higher growth rates than other species in
oligotrophic conditions, O. fusiformis is dominant in
warm (above 20°C) mesotrophic to eutrophic conditions, and O. rufescens shows the highest growth rate
in highly eutrophic conditions.
The realized niches in Fig. 4 must be considered with
caution, because mortality and predation are not represented in the model. There are also other limitations
to these ecological realized niches. Firstly, our study
considers 4 appendicularian species only, i.e. it does
not take into account other appendicularian species or
other groups of organisms. Introduction of other
appendicularians in the model, such as the typically
cold water species Oikopleura vanhoeffeni, O. labradorensis and Fritilaria borealis, could reduce the
breadth of the realized niche of O. dioica, O. longicauda and O. rufescens in cold waters. Similarly, introduction of organisms belonging to other groups such as
salps, copepods and fishes, may significantly reduce
the realized niche of appendicularians by competition
and predation (Sommer et al. 2003, López-Urrutia et al.
2004, Stibor et al. 2004); hence, especially in the case of
clearly limiting conditions (i.e. cold water or low food
concentration) where appendicularian growth rates
are low, the actual limits of the realized ecological
niches could be somewhat different from those in
Fig. 4. Secondly, the growth rates we estimated originate from model simulations under constant food and T
conditions, and may be different in fluctuating environments, e.g. in cases of rapid changes in T (e.g. wind
events, currents) or food concentration (e.g. blooms).
Given the high growth rates of all appendicularian
species in mesotrophic to eutrophic conditions, the one
present in the ecosystem under limiting conditions
could rapidly respond to increasing food. Hence, it is
possible that the composition of the appendicularian
assemblage that dominates during a high-food event is
influenced by the species response to food-limited conditions prior to the event. Thirdly, our model only takes
into consideration T and food concentration, and does
not consider other environmental conditions such as
salinity. It is known that some appendicularian species
can have different behaviour under different salinity
conditions (Sato et al. 2001, López-Urrutia et al. 2005),
but as the effects of salinity on physiological rates are
poorly known, it was preferable to not include them in
our model.
Despite these limitations, the realized niches of the 4
species in Fig. 4 are consistent with field observations.
Indeed in the ocean, Oikopleura dioica is found in temperate waters, and O. longicauda, O. fusiformis and
O. rufescens are common in warm waters (López-
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We validated our realized ecological niche approach by running the
O. dioica
O. longicauda
0
A
B
model with T and potential food
0
observed in the English Channel
30
2
during 1999–2000 (López-Urrutia et
1
1.5
25
al. 2005). We compared the succes1
sion of dominant species predicted
20
0.5
by the model with the observed spe5
cies composition at sea (Fig. 5). Our
.2
0
15
model applied to the above 4 appen0.5
0.25
dicularian species predict that Oiko5
10
2
0.
pleura dioica would have the high5
est growth rate nearly during the
O. fusiformis
O. rufescens
whole period and would then be the
C
D
0
0
100
200
300
400
500 0
100
200
300
400
500 dominant species except in few time
intervals. In April 1999, an intense
Food concentration (µgC l–1)
bloom of phytoplankton was recorFig. 3. Oikopleura spp. Daily growth rates (d–1) of (A) O. dioica, (B) O. longicauded during 3 wk (maximum concenda, (C) O. fusiformis and (D) O. rufescens as a function of temperature and food
tration: 9.8 mg chl a m– 3), leading to
concentration
the prediction of dominance by O.
rufescens. From the end of July to
October 1999, because of warmer conditions combined
with higher food concentration, O. fusiformis was predicted to be the dominant species in an alternation
with O. dioica. In December 1999, low food conditions
led the model to estimate that O. longicauda could be
the dominant species. This predicted seasonal succession is in good agreement with the available observations (López-Urrutia et al. 2005, our Fig. 5). O. dioica
was the dominant oikopleurid species nearly all the
year. From September to October, with a ~6 wk delay
compared to the first appearance predicted by the
model, O. fusiformis appear to be the dominant species
in an alternative way with O. dioica. Finally, O. longicauda was dominant from November to December
1999. However, the predicted dominance of O. rufescens during 3 wk in April was not observed during the
survey.
Fig. 4. Oikopleura spp. Realized ecological niches of the
One potential bias of our approach is that the amount
4 appendicularians obtained by comparing their respective
of food available to appendicularians may have been
growth rates as a function of temperature and food
underestimated as it was based only on chl a without
concentration
including other potential living and non-living food
Urrutia et al. 2005). Moreover, in warm oligotrophic
particles. A second limitation is that chl a was only
systems, O. longicauda was observed to be dominant,
measured at one depth (10 m). Despite these limitawhereas O. fusiformis occurred only in small numbers
tions, the model outputs matched the observations
(Scheinberg et al. 2005). It follows that our approach
quite well. This indicates that the physiological behavcan be used to determine the potentially dominant
iour of appendicularians as a function of T and food
5
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phic dominance of O. dioica is broadest in
winter and spring. During summer, the domiO. longicauda
O. rufescens
O. fusiformis
–5
nance of O. dioica is restricted to a narrow
zone along coastlines and is replaced offshore
–10
by O. longicauda. Species O. longicauda is
O. dioica
especially successful in oligotrophic condi–15
tions (Fig. 4), and its widest zone of dominance is from equatorial to temperate regions
–20
(Fig. 6); it can grow and dominate the appen150
dicularian assemblage in oligotrophic offO. dioica
O. fusiformis
shore areas. In winter, this species is domiO. longicauda
nant in tropical oligotrophic offshore waters.
100
During summer in the centre of the tropical
offshore waters, the food concentration
becomes so low that it no longer allows this
50
species to grow, and as the offshore subtropical and temperate zones become more oligo0
trophic, O. longicauda replaces O. dioica and
A
M
J
J
A
S
O
N
D
J
F
becomes dominant. Species O. fusiformis is
typically successful in warm waters (> 20°C)
Fig. 5. Oikopleura spp. Seasonal succession of appendicularians in the
and in meso- to eutrophic conditions (Fig. 4).
English Channel (upper panel) predicted by our model based on seasonal variations of temperature and food concentration, and observed
As a consequence, it dominates the appendicdominant species at 0–50 m during 1999–2000 (López-Urrutia et al.
ularian assemblages in upwelling and coastal
2005, lower panel)
areas between 20°N and 20°S, and also dominates during summer in coastal temperate
concentration can explain the general pattern of the
regions. Because it is mostly successful in highly
seasonal succession of appendicularian species.
eutrophic, warm conditions, O. rufescens dominates
the appendicularian assemblage in a few coastal tropical regions only. In tropical offshore ecosystems, the
Model application: ocean-wide biogeography
available food does not seem to be sufficient to support
of appendicularians
the growth of any of the 4 species. These conclusions
are limited by the fact that the amount of food calcuUsing the global scale data of T and MODIS satellite
lated by the model is based on in situ chl a concentraderived chl a, we further used our model to predict the
tion, which may have underestimated the total availworldwide distributions of dominance (i.e. highest
able food. This limitation does not likely cause large
growth rate) among the 4 appendicularian species
discrepancies in mesotrophic and eutrophic condi(Fig. 6). This result is, as far as we know, the first
tions, but it could lead to food underestimation in
attempt to provide a seasonal description of appendichighly oligotrophic conditions where the ratio of
ularians ocean-wide biogeography based on sea surphytoplankton carbon to total particulate organic carface conditions.
bon is lower than in richer environments (Legendre &
In Fig. 6, Oikopleura dioica is generally dominant in
Michaud 1999, their Eqs. 11 & 12).
temperate regions and in coastal ecosystems because
We compared our model predictions (Fig. 6) with the
of its success at T < 20°C and in meso-eutrophic condiactual dominance of the 4 species at sea (Table 3, 517
tions (Fig. 4). Our model results in temperate and subfield observations). The results of comparison are
tropical conditions are consistent with the reported
(1) model predictions matched 71% of the observaneritic preference of this species, but the model also
tions, (2) the dominant species was incorrectly presuggest that O. dioica may also be dominant offshore
dicted in only 16% of cases, and (3) in 13% of cases,
between 30 and 60° latitude in the 2 hemispheres, with
the model predicted that none of the species could
an even wider latitudinal distribution in the North.
grow where Oikopleura longicauda was actually
Because information on appendicularian species is, to
recorded. The observed differences between model
our knowledge, missing in these regions, the hypothepredictions and observations, such as the prediction of
sis of dominance by O. dioica offshore needs to be
dominance by O. longicauda instead of O. fusiformis in
tested by sampling. According to the model, O. dioica
South European seas during summer and autumn, or
is also dominant in the coastal upwelling areas of Calithe actual dominance of O. longicauda in the central
fornia, Chile, Mauritania and Benguela. The geograIndian Ocean where the model predicted no appendic-

Abundance (%)

Depth (m)

0

Fig. 6. Oikopleura spp. Ocean-wide seasonal distributions of potentially dominant appendicularian species predicted by our model using MODIS satellite seasonal mean
sea surface temperature and chl a, compared to in situ data (dots) from the literature (Table 3). Blue: Oikopleura dioica. Green: O. longicauda. Brown: O. fusiformis. Orange:
O. rufescens
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Table 3. Observations of appendicularian species composition in the World Ocean: location, sampling season (Sp: spring; Su:
summer; F: fall; W: winter; All: all seasons; An. Mean: annual mean), number of observations (n) and source
Location

Sampling n
season

Atlantic Ocean
Norwegian fjord
All
Norwegian fjord
All
Norwegian fjord
All
Swedish fjord
Sp & F
Skagerrak
Su & F
North Sea
An. Mean
(1995)
North Sea
All
English Channel
All
English Channel
All
Cantabrian Sea
All
Cantabrian Sea
Su
Cantabrian Sea
All
Cantabrian Sea
All
South Carolina
All
Mississipi plume
Sp
Florida
All
Jamaica
All
Caribbean Sea
Sp & F
Northeastern
W & Su
Brazil
Brazil
An. Mean
S America coast
F
Argentina
W
S-W Atlantic Ocean F
Mediterranean Sea
Adriatic Sea
Adriatic Sea
Venice
Ligurian Sea
Ligurian Sea

Source

4
4
4
2
2
4

López-Urrutia et al. (2005)
López-Urrutia et al. (2005)
López-Urrutia et al. (2005)
Vargas et al. (2002)
Maar et al. (2004)
Le Fevre-Lehoerff et a

4
4
4
4
36
16
12
4
1
4
4
2
2

Greve (2005)
Acuña et al. (1995)
López-Urrutia et al. (2005)
Acuña & Anadon (1992)
Acuña (1994)
López-Urrutia et al. (2003)
López-Urrutia et al. (2005)
Costello & Stancyk (1983)
Dagg et al. (1996)
Hopkins (1977)
Hopcroft & Roff (1998)
Osorio (2003)
Silva et al. (2003)

4
45
5
12

Valentin et al. (1987)
Fenaux (1967)
Capitanio & Esnal (1998)
Esnal & Castro (1977)

4
1
4
4
4

Fenaux (1972a)
Skaramuca (1977)
Brunetti et al. (1990)
Fenaux (1961)
López-Urrutia et al. (2005)

Location

Pacific Ocean
Orcas Island (WA) Sp
1
California
W
1
California
W
1
California coast
W
83
Inland Sea of Japan All
4
Central Japan
All
4
Southern Japan Sea All
4
Tokyo Bay
All
4
Korea
All
4
South China Sea
W
1
Eniwetok (Pacific) W
1
Hawaii
W & Sp
2
Hawaii
An. Mean 4
Peru
F
12
Northern Chile Su & Sp
2

ularian growth, are probably related to underestimation of real food concentration when taking phytoplankton as the only potential food. Despite this limitation, the model generally predicted correctly the most
probable dominant appendicularian species in various
offshore and inshore systems, from T and food concentration. Our model provides an approach for including
appendicularians in ecological-biogeochemical models that consider plankton functional types.

Model application: role of appendicularians in
downward carbon flux
During the POMME 3-Leg 2 cruise in the North
Atlantic, large numbers of appendicularians were observed with the UVP at Sites 1 (S1) and 4 (S4), with
maximum concentrations of 85 and 135 ind. m– 3 at 65
and 70 m, respectively (Fig. 7). In contrast, few appendicularians were observed at Sites 2 (S2) and 3 (S3),

Source

Hansen et al. (1996)
Landry et al. (1994)
Passow et al. (2001)
Fenaux & Dallot (1980)
Uye & Ichino (1995)
Itoh (1990)
Tomita et al. (2003)
Nomura & Murano (1992)
Lee et al. (2001)
Yang & Wang (1988)
Gerber & Marshall (1974)
Scheinberg et al. (2005)
Tagushi (1982)
Fenaux (1968)
Vargas & González (2004)

Indian Ocean
Bay of Bengal
Bay of Bengal

Su
Sp

89
1

Bay of Bengal

Su

18

Indian Ocean
Madagascar
Seychelles

W-Sp
All
Su

67
4
1

Fenaux (1969a)
Madhupratap
et al. (1980)
Sreekumaran Nair et al.
(1981)
Fenaux (1972b)
Fenaux (1969b)
Fenaux (1980)

An. Mean

4

Shiganova (2005)

Su
All

1
4

Vaissiere & Seguin (1984)
Fenaux (1979)

Black Sea
All
Sp
All
All
All

Sampling n
season

Red Sea
Gulf of Aqaba
Gulf of Elat

where the maximum abundance were 2 and 11 ind.
m– 3, respectively. Moreover, the UVP continuous records at depth showed that appendicularians were
mostly concentrated near the maximum TPC concentration, below the thermocline. The observed numbers
of appendicularians were low compared to some
coastal regions were they can exceed 10 000 ind. m– 3
(Taguchi 1982, Ashjian et al. 1997, Hopcroft & Roff
1998, Fernández & Acuña 2003, Maar et al. 2004,
Scheinberg et al. 2005). This is consistent with the fact
that appendicularians generally bloom in mesotrophic
or eutrophic coastal conditions, whereas the POMME 3
observations were made in offshore oligotrophic conditions.
The data on the vertical distribution of appendicularians abundance and on T and TPC were used to determine the species with the highest potential growth
rate. Our model predicted that Oikopleura dioica was
the best candidate for the whole sampling area (except
for the upper 25 m at S1 where O. fusiformis was pre-
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Fig. 7. Oikopleura spp. Vertical distributions of observed and modelled variables at 4 sampling sites during the POMME 3 Leg 2
cruise in the North Atlantic in 2001. (A) Observations: appendicularians recorded with the UVP (grey bars), total particulate carbon estimated from bio-optical profiles (TPC, solid lines) and temperature (T, dashed lines). (B) Modelled daily production of appendicularian detritus (faecal pellets and discarded houses with food particles trapped inside), body mass and CO2 (respiration).
The amount of small particles filtered by appendicularians is the sum of the different production estimates
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dicted to be the dominant species). Consequently, we
hypothesized that O. dioica was the main appendicularian species in the POMME area in late summer
2001. This output of the model was confirmed by direct
identification of appendicularian houses on the UVP
profiles, and from WP2 net samples where most appendicularians were O. dioica. On the basis of appendicularian abundances and environmental conditions, we
simulated the whole life cycle of O. dioica in order to
estimate their daily effect on the consumption and
aggregation of particulate matter and the fluxes of biogenic carbon (Fig. 7). Because appendicularians are
present in largest numbers below the thermocline,
their impact on carbon fluxes should also be greatest
there. Appendicularians in the POMME area had a relatively small effect on TPC consumption (sum of respiration, growth, faecal palettes and discarded houses
productions, Fig. 7), i.e. only 0.6% of the total stock of
TPC was grazed daily by appendicularians at the station and depth were their concentration was highest
(S4, 70 m). The TPC consumed was used with low efficiency by appendicularians for growth, i.e. at the depth
of maximum appendicularian concentration, 65% of
the TPC grazed was lost in the form of large aggregates (i.e. discarded houses and faecal pellets), 14%
was remineralised through respiration and only 21%
was used for growth. As the aggregates are generally
produced by appendicularians mostly under the thermocline and have sinking rates of 50 to 120 m d–1
(Gorsky et al. 1984a, Alldredge 2005, Dagg & Brown
2005), they can reach a depth of 200 m within 1 to 3 d
in low turbulence conditions. Hence, we could compare the production of aggregates by appendicularians
with the total flux of particulate organic carbon (POC)
from sediment traps moored at 200 m (Fig. 8). Fig. 8
shows that the amount of sinking matter sampled at
200 m did not correspond to the production of aggregates by appendicularians, i.e. the latter was lower
than the sediment trap flux at S2 and S3, and higher at
S1 and S4. The low production at S2 and S3 reflects the
low concentrations of appendicularians. The situation
at S1 and S4 requires further discussion.
Our study is not the first to predict a production of
particulate matter by appendicularians that exceeds
the observed total sinking flux, e.g. in the literature,
calculated production of discarded houses represented
only 12 to 83% of the total POC flux in sediment traps
at depths < 200 m (Alldredge 2005), and the flux of faecal pellets did exceed the total POC flux at 25 and
~300 m depths (Dagg & Brown 2005, Deibel et al.
2005). The difference between simulated aggregate
production and the observed flux in traps may reflect
the relatively low efficiency of sediment traps, as
observed during the POMME cruise for traps at 400 m
(19 to 53% efficiency measured using thorium-230 iso-

Fig. 8. Oikopleura spp. Comparison of the integrated production of detritus by appendicularians (faecal pellets and discarded houses with food particles trapped inside) estimated
from our model with the observed particulate organic carbon
flux in sediment traps at 200 m

tope; Guieu et al. 2005). Indeed, discarded houses are
sticky and may potentially have a different trapping
efficiency compared to other material (faecal pellets).
In addition, visual determination of particles collected
in the traps showed that appendicularian detritus
made up only a small fraction of the total. Hence, the
difference between our model estimates of particulate
matter produced by appendicularians and the flux of
matter in sediment traps may also be due to rapid
degradation or consumption of appendicularian aggregates above the depths of traps. There is evidence from
other studies for these 2 effects, as discussed next.
Observations in a Swedish fjord showed that in sediment traps located at different depths, 70% of the
discarded houses observed at 10 m disappeared
between 10 and 30 m (Vargas et al. 2002). The
POMME 3 cruise was undertaken at the end of the
summer oligotrophic phase, when phytoplankton
were largely dominated by pico- and nanophytoplankton (Claustre et al. 2005) and appendicularian
faecal pellets would mainly contain this type of plankton. Hansen et al. (1996a) showed that the faecal pellets of Acartia tonsa eating a nanoflagellate algal diet
were more rapidly degraded by bacteria than those
from a diatom diet, and lost more than 50% of their
volume in only 9 h. In the case of thaliacean faecal
pellets (in situ sampling), a 50% decrease in carbon
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content was observed within 30 h due to bacterial
activity (Pomeroy et al. 1984). Hence, during the transit down to 200 m, a large fraction of the appendicularian faecal pellets could have been degraded by
bacteria. The same might have applied to discarded
houses, but their degradation rate is unknown and
may be enhanced by the microbial community,
including ciliates, present in the food concentrating
filters (Davoll & Silver 1986, Hansen et al. 1996b).
In addition to degradation, the aggregates, including
freshly filtered particles in the houses and only partially digested organic matter in the faecal pellets, can
be grazed upon by a large number of zooplankton species during the oligotrophic period. For example,
cyclopoid copepods belonging to the genus Oithona
are known to be coprophagous (Gonzáles & Smetacek
1994), and coprorhexy has been observed for several
calanoid copepods (Lampitt et al. 1990). In addition,
copepods of the genera Oncaea and Calanus and
euphausiids can all feed intensively on discarded
houses (Alldredge 1972, 1976, Dagg 1993, Ohtsuka
et al. 1993, Dilling et al. 1998). All these taxonomic
groups were present during the POMME cruise (V.
Andersen & L. Mousseau, pers. comm.) Hence, the
aggregates produced by appendicularians could have
been partly recycled by the food web instead of being
exported to the deeper waters.
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Appendix 1. Model formulation (see Lombard et al. 2009). Variables: x: Food concentration available in the water; H, Dh, Fp, R:
cumulative amount of matter produced respectively in the form of houses, detritus in houses, faecal pellets and respiration. Aw,
Sb and G are respectively appendicularian weight and fraction of this weight invested in structural biomass or gonads. Fluxes: F,
I and A: quantity of food respectively filtered, ingested and assimilated. i and ae are ingestion and assimilation efficiency. fg is the
fraction of assimilated food invested in gonads and depends on the maturity indicator mi. Other symbols are defined in Table 1

Embryogenesis (H < th Aw)

Derivative equations
dH
dx
T
= h0 t10
Sba
=0
dt
dt

dDh
=0
dt

dR
= rtot
dt

dFp
=0
dt

dAw
= − rtot − h
dt

dSb
= − rSb − h
dt
dG
= −rG
dt

With
T
rtot = r1 t10
Aw a

rSb = rtot

Sb
Aw

rG = rtot

G
Aw

Growth (H > th Aw)

Derivative equations

dx
= −F
dt

dH
= fh A
dt

dDh
= (1− i) F
dt

dR
= rtot
dt

dFp
= (1− a) I
dt

dAw
= (1− fh ) A− rtot
dt

dSb
= (1− fh − fg ) A−rSb
dt
dG
= fg A −rG
dt

With
T
F = f t10
f Aw

i = 1− i max

b

x
kf + x

x
ki + x

I =iF

ae = 1 − a max

x
ka + x

mi=

fg = p

G
Aw

If mi > St : Spawning

mi b1
mi b2
+ (1− fh − p ) b2
mi b1+ k1b1
mi + k2b2

T
rtot = r2 t10
Aw a

rSb = rtot

Sb
Aw

rG = rtot

G
Aw

A= ae I
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