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ABSTRACT: Oikopleura dioica is an excellent model for studying food flow through the digestive sys- 
tem because of its transparency, non-motility and because fecal pellets move along the digestive sys- 
tem in an orderly sequence which can be easily timed. By observing fecal pellet circulation within the 
gut of healthy individuals, we have concluded that the average number of fecal pellets inside the gut of 
0, dioica is 2.878 * 0.015 (mean r SE, n = 43).  Thus, gut passage time (GPT, min) can be estimated from 
the time interval between successive fecal pellets (DI, min fecal pellet") as GPT = 2 878 DI. This estab- 
lishes the basis for estimating GPT from simple fecal pellet production rate incubations, and is one way 
of determinating GPT without manipulating food concentration or quality, a major shortcoming of cur- 
rent techniques. In laboratory exper~ments, GPT of 0. diolca was independent of body size. At 15'C, 
GPT (min) decreased with increasing food concentration (FC, pg C I-') when the prymnesophyte 
Isochrysis galbana (4.5 I.lm in size), the prasinophyte Tetrasehis suecica (10 pm) or the chlorophyte 
Chlorella sp. (3 pm) were used as food, according to the power function GPT = 29.4 FC-0.245. There were 
no significant differences in GPT between algal types. The GPT of 0. dioica exhibited a Qlo of 0.687 
over a temperature range of 10 to 20°C, independent of food concentration. Since the interaction 
between food concentration and temperature was not significant, GPT can be estimated as GPT = 
51,67~-0 03761 FC-0 245 
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INTRODUCTION 

Current functional response models place special 
emphasis on the compensatory role played by diges- 
tive processes (Penry & Jumars 1987, Willows 1992). 
According to these models gut passage time (GPT, 
nlin) should respond to variations in the amount and 
quality of food to maximize net energy gain. Thus, 
GPT is a variable of paramount inlportance in the eco- 
physiology of marine organisms. Moreover, grazing 
rates of pelagic filter feeders have been calculated 
according to the gut pigment technique by dividing an 

in situ measurement of gut pigment content by an in 
vitro estimate of GPT (Mackas & Bohrer 1976, Madin & 

Cetta 1984). However, the task of measuring GPT in 
pelagic filter feeders by non-intrusive methods re- 
mains an elusive problem, and most current tech- 
niques rely on some important assumptions. For in- 
stance, the gut clearance (Mackas & Bohrer 1976) and 
gut filling (e.g.  Head 1986) techniques assume that 
GPT is independent of ingestion rate. Exposure to 
filtered seawater in g'ut clearance experiments can be 
avoided by using surrogate particles which do not 
interfere with the pigment analysis and that are read- 
ily ingested (e.g. charcoal, Perissinotto & Pakhomov 
1996), but this clearly influences the quality of the food 
offered. Use of radiolabelled food circumvents most of 
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these caveats, but is hardly applicable during research 
cruises (Arashkevich 1977). Coloured markers, fol- 
lowed in their passage through the gut, are of com- 
mon use for the transparent salps (e.g. cornstarch or 
carmine died cells, Madin & Cetta 1984), at  the cost of 
severely changing the quality of the food. Fecal pellet 
production experiments which involve mea.surement 
of the total amount of pigments egested do not have 
these shortcomings, but rely on careful assesment of 
pigment degradation in gut and fecal pellets (e.g. 
Dagg & Walser 1987). 

Appendicularians are not exempt from these meth- 
odological problems. Measurement of the GPT in 
these animals has relied on the use of marker particles 
(Acuna et al. 1994, Bochdansky et al. 1998, Acuna et al. 
1999), which involves manipulation of food quality 
and/or concentration. Moreover, it is often hard to 
ascertain the precise moment at which the marker is 
being ~ngested,  because the food has first to be con- 
centrated in the external filter house. In addition, ship- 
board measurement of GPT in these delicate tunicates 
represents a technical challenge, necessitating the use 
of onboard cold rooms in which to conduct the obser- 
vations, and of suspension systems to isolate the ani- 
mals from the ship vibrations (Acuna et al. 1999). This 
has lead researchers to simply rely on literature values, 
obtained under unreported experimental conditions, to 
calculate grazing rates by the gut pigment technique 
(e.g. Landry et al. 1994 used a GPT of 8 min reported 
by Alldredge 1981 for Oikopleura dioica). Well- 
founded predictive equations are thus much needed. 

Oikopleurid appendicularians are transparent, non- 
motile animals in which food transit through the diges- 
tive system proceeds by an orderly sequence of fecal 
pellet translocations. Thus, appendicularians are ideal 
animals for the observation of gut throughput d.ynam- 
ics. Here we make use of these characteristics to pro- 
pose a non-intrusive, observational method to measure 
GPT in Oikopleura dioica, and use this method to 
determine the influence of body size, food concentra- 
tion, food type and temperature on the GPT. Finally, 
we  use this ecophysiological knowledge to build a pre- 
dictive model for the GPT of 0. dioica, which can be 
extrapolated to field conditions. 

MATERIALS AND METHODS 

Appendicularians and phytoplankton cultures. Oiko- 
pleura dioica were collected from surface waters at the 
El Muse1 harbour in Gijon (N Spain), using plastic 
buckets, and quickly brought to walk-in controlled 
temperature rooms (set at the specified temperature 
+0SoC). Appendicularian cultures were initiated by 
placing healthy, wild-captured individuals inside their 

filter houses in 5000 rnl glass jars filled with 30 pm fil- 
tered seawater which was continuously agitated by 
means of an acrylic spiral paddle rotating at 10 rpm (Fe- 
naux & Gorsky 1985). The animals were transferred to 
fresh, 30 pm filtered seawater every 2 d. 

The unicellular prasinophyte Tetrase1.m.i.s suecica 
(10 pm ESD, Equivalent Sphaencal Diameter), the 
prymnesophyte Isochrysis galbana (4.5 pm ESD) and 
the unicelular chlorophyte Chlorella sp. (3 pm ESD) 
were used as food for the experiments. Algae were cul- 
tured at 15'C in l l bottles under 70 pEinstein white 
light, continuous aeration and 12:12 photoperiod. Only 
exponentially growing algae were used for the experi- 
ments. 

Microscopic observation. Our data were collected 
by microscopic observation of individual Oikopleura 
dioica using an Olympus IMT-2 inverted microscope 
lnside the cont.rol.led temperature room. To maintain 
the individual in a fixed position, a simple device was 
constructed using a plastic petri dish (5.5 cm diameter, 
1.5 cm height). A 1 cm wide hole was made through 
the lid of the dish, allowing insertion of a 1.5 cm long, 
cylindrical acrylic plastic tube that stood vertically on 
the petri dish. Both petri dish and plastic tube were 
filled with water at the target experimental tempera- 
ture and food concentration. The individual was then 
transferred with a L-shaped, wide bore Pasteur pipette 
from the 5 1 glass jar to the observa.tion device, along 
with a certain amount of preconditioning food suspen- 
sion. The activity of the individual was recorded with a 
SONY SSC Color Video Camera fitted to the inverted 
microscope. The trunk length of the appendicularian, 
defined here as distance between the mouth and the 
posterior edge of the stomach, was measured on the 
video screen to the nearest 45 nm. 

General experimental procedures. Algae for the 
experiments were centrifuged at 1500 RCF (Relative 
Centrifugal Force) for 7 mln and resuspended twice on 
GF/F filtered seawater, and the final concentration of 
the stock solution determined with a Coulter multisizer 
I1 fitted with a 70 pm aperture tube. Organic carbon 
content of phytoplankton was estimated from cell vol- 
ume using equations of Strathmann (1967). Because an 
appendicularian house lasts ca 4 h, experimental indi- 
viduals were allowed to precondition in 5 1 of GF/F fil- 
tered, seawater supplemented with algae up to the 
specified concentration for 4 h ,  to ensure that they had 
enough time to expand a new filter house prior to 
observation. We did not use replicate conditioning jars 
because preliminary experiments showed no signifi- 
cant effects of this random factor on GPT (data not 
shown). Prior to ANOVA and regression analyses, data 
were examined for homogeneity of variance. Tests of 
linearity were conducted prior to regression analysis 
with replication. 
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Food Stomach Vertical Median Rectum Fecal Pellets Event Number of fecal 
suspension Intestine Intestine Defecated Timing pellets in the gut 

Fig. 2 .  Oikopleura dioica. Schematic representatlon of the chain of events (arrows) which takes place within the digestive system 
from incorporat~on of a particle Into a fecal pellet to defecation. Events whose timing is pertinent to our measurements are 
assigned a time code under the heading 'event timing' (see 'Results'); gut contents (fecal pellets) are indicated under the head- 
ing 'Number of fecal pellets in the gut' (see 'Results' and Fig. 4 ) .  (A) Translocation of a newly formed fecal pellet from the stom- 
ach to the vertical intestine. Two other pellets are present in the medan  intestine and the rectum (this corresponds to Fig. 1B). 
(B) A new fecal pellet starts to form in the stomach. The flrst particle incorporated to that pellet is labelled X. (C) The fecal pellet 
in the rectum is defecated. More particles, labelled as dots, are incorporated into the fecal pellet which is being formed in the 
stomach (this corresponds to Fig. IC).  Gut content passes from 3 + rp to 2 + rp pellets, where rp is the content of the stomach (in fecal 
pellets) during this moment. (D) The fecal pellet in the median Intestine is translocated to the rectum. More particles enter in the 
stomach (this corresponds to Fig ID). (E) The fecal pellet in the vertical intestine is translocated to the median intestlne. More 
particles accumulate In the stomach. (F) The last particle (Y) is incorporated into the fecal pellet which is being formed in the 
stomach. (G) The newly formed fecal pellet is translocated from the stomach to the vertical ~ntestine. This phase of the cycle is 
the same as (A) above. (H) Composite of several consecutive steps. The cycle starts over again and ends in a similar configura- 
tion as in (A & G) above, but with the fecal pellet with particles labelled X and Y located in the median intestine. (I) Same as (A, 
G, H) above, but wlth the labelled fecal pellet located in the rectum. (J) Same as (C) above, but the labelled fecal pellet has just 

been defecated 

been incorporated into a fecal pellet right at the begin- 
ning of its formation (Le, particle X in Fig. 2B, incorpo- 
rated at time t,) spends more time within the digestive 
system than a particle incorporated at  the end of the 
formation of the fecal pellet (particle Y in Fig. 2F, incor- 
porated at time t,). Thus we must look for a collective 
or average time of incorporation representative of the 
population of particles belonging to this fecal pellet, 
rather than considering the time of incorporation of 
any individual particle. Given a constant rate of stom- 
ach filling, the population, average time of incorpora- 
tion to the fecal pellet is the arithmetic mean of tx and 
t,, or t ,  + tx 

2 

However, we observe fecal pellets and their translo- 
cations, not individual particles, so it is impossible to 
measure t, and t,. Because the animal has continuous 
feeding and it does not interrupt secretion of the 
pharyngeal filter, which keeps flowing along the 
esophagus while the pellet is translocated (authors' 
pers. obs.), incorporation of the first particle into the 
fecal pellet (particle X at time t,, Fig. 2B) and translo- 
cation of the preceding fecal pellet from the stomach 
into the vertical intestine (at time t,, Fig. 2A) are con- 
secutive events, and t, = t,. Similarly, incorporation of 
the last particle to the fecal pellet (particle Y at time t,, 

Fig. 2F) and translocation of this fecal pellet into the 
vertical intestine (at time t,, Fig. 2G) are consecutive 
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RESULTS 

Measurement of gut passage time in 
Oikopleura dioica 

The gut of Oikopleura dioica consists of a bilobate 
stomach, a vertical intestine, a median intestine and a 
rectum (Fig. 1, Fenaux 1989). In a healthy individual 
inside its filter house, it is possible to see 2 (Fig. lC,D) 
or 3 (Fig. IB) pellets distributed among the vertical 
and median intestines and the rectum, plus a variable 
amount of food in the stomach (no food in Fig. l B ,  some 
food in Fig. 1C and an almost fully formed fecal pellet 
in Fig. ID). These different pellet configurations can 
only be understood by analysing the dynamics of food 
flow within the digestive system of 0. dioica (Fig. 2). 
Particles captured in the pharyngeal filter enter the 
stomach continuously and are progressively com- 
pacted into a fecal pellet (Fig. 2B-F). Once formed, this 

fecal pellet passes into the vertical intestine (Figs. 1B & 
2G) and is then sequentially translocated to the median 
intestine and to the rectum (Fig. 2H,I) before its defe- 
cation (Fig. 23). The movement of a fecal pellet through 
the digestive system is accompanied by a sequence of 
fecal pellet translocations in the preceding fecal pel- 
lets, which leave room for the following pellets (see 
Figs. 1 & 2). Under constant ambient conditions, this 
sequence is extremely precise, repetitive, and can be 
accurately timed. It is possible to take advantage of this 
precise timing to develop an observational measure- 
ment of the GPT 

To measure the GPT of a particle we need a precise 
timing of the moment of ingestion and defecation of 
that particle. All particles in a fecal pellet are defe- 
cated simultaneously, and this event can be visually 
timed (i.e. Fig lC ,  td in Fig. 25). However, not all parti- 
cles are ingested and incorporated into a forming fecal 
pellet at the same moment. A food particle that has 

Fig. 1 Oikopleura dioica. (A) Sketch of the trunk showing the different parts of the bgestlve system, based on Fig. 1B. a: anus; 
m: mouth; m median intestine; r: rectum; S .  stomach; t: tail; tr: trunk, and vi: vertical intestme. Dashed arrows indicate the path 
follo~ved by the fecal pellets through the digestive system. (B,C,D) Micrographies of the trunk of an actively filtering individual. 
Individuals for these video-images have been incubated in a dilute suspension of sepia ink; the ink is then ingested and incorpo- 
rated into the fecal pellets, which then appear heavily stained. The arrowhead in ( C )  signals a fecal pellet which has just been 
defecated. (To understand how these different configurations are temporally linked, see Fig. 2 and 'Results'.) These configurations 

correspond to schematic representations in Fig. ZA.G,H,I for (B). Fig. 2C.J for (C) and Fig. 21) for (L)) 
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tit, t y  t , 
t X t , 

TIME 
Fig. 4. Oikopleura dioica. Temporal changes in the number of 
fecal pellets within the gut according to the diagram in Fig. 2 

and assuming a linear increase in the stomach content 

From our observations, and according to Eq .  (3), the 
average value of cp was 0.368 -. 0.013 (mean * SD, n = 

43).  When inserted into Eq.  (4 ) ,  this value of cp yields an 
average number of fecal pellets of 2.868 * 0.013, which 
is close to the slope of the regression of GPT versus D1 
(2.878; Eq. 2) and indicates to us that we are right in 
accepting a 0 intercept for that equation. 

Factors affecting GPT 

Effect of body size 

Expt 1A. This expenment was designed to test for 
differences in GPT associated with body size through a 
linear regression approach. CPT of 24 individuals of 
differing trunk length were observed at a concentra- 
tion of 120 pg C 1-' of Isochrysis galbana and 15°C tem- 
perature. No significant effect of trunk length on GPT 
was detected within a trunk length range from 0.25 to 
1.22 mm (Fig. 5). However, the low power of the 
regression (1 - p, = 0.05 = 0.3974) and the low p-value 

= 3.307, p = 0.082; n = 25, r2 = 0.126; Fig. 5) sug- 
gest that we could be incurring a Type I1 error, which 
warrants further confirmation of this result (see next 
experiment). 

Expt 1B. This experiment was designed to test for dif- 
ferences in GPT due to body size through an ANOVA 
approach. The idea was to incubate animals belonging 
to 2 cohorts of differing body size to test for differences 
in GPT between cohorts (i.e. between sizes). We used 
large (0.903 + 0.034 mm trunk length; * SD, n = 15) and 
small (0.242 + 0.061 mm; n = 15) individuals for the ex- 
periments, which were performed at 15°C and a con- 
centration of 100 pg C 1-' of either Isochrysis galbana, 
Tetraselmis suecica or Chlorella sp. Thus, we used a 
2-way orthogonal design with 2 levels of body size 
(large/small) and 3 levels of food type (3 algal species). 

4 4  
0.2 0.4 0.6 0.8 1.0 1.2 1.4 

TRUNK LENGTH (mm) 

Fig 5 .  Oikopleura dioica. Plot of GPT (min) versus trunk 
length (mm). (0 )  Data from Expt 1A (-) least square 
regression of GPT versus trunk length for that experiment 
(120 pg C I-', Isochrysis galbana), [ -  - - -) 95% confidence 
intervals. The slope of the linear regression was not signifi- 
cantly different from zero (r2 = 0 13, n = 43; = 3.31, p = 
0.082; power of the regression is l -P,=,,,, - 0.40). (0), (X) and 
(+) data from Expt 1B (see Table 1 and 'Results'). In that 
experiment, individuals belonging to 2 distinct appendicular- 
ian size classes were incubated at 100 1.19 C 1-' of I. gal- 

band (O ) ,  Chlorella sp. (K) and Tetraselmis suecica (+) 

This design allowed us to test for the existence of inter- 
actions between trunk length and algal type, indicative 
of differences in the ability to capture or ingest phyto- 
plankton of different size or taxonomic group between 
the small and large animals. There were neither signif- 
icant effects of trunk length (p = 0.71) or food source 
(p = 0.66), nor significant interaction between these 
2 factors (p  = 0.70, Table 1, Fig. 5). 

Effect of food concentration and algal species 

Expt 2A,B and C. GPT was measured at 5 different 
food concentrations of Isochrysis galbana, Tetraselmis 
suecica and Chlorella sp. in 3 separate experiments at 
15°C (Expt 2A,B and C, respectively) to test the effect 
of food concentration and algal type on GPT. The 
relationship between GPT and food concentration for 
each type of alga was fitted to a power relationship 
(Fig. 6A,B,C). We chose a power function to fit GPT 
versus food concentration, because this model has 
been previously used for similar data in copepods 
(Dagg & Walser 1987). Estimated slopes for the regres- 
sion lines were significantly different from zero for all 
3 algae (p < 0.01, Fig. 6) ,  which indicated that food 
concentration had a significant effect on GPT. 
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events and t, = t,. This implies that the average time of 
incorporation to the fecal pellet wdl be given by 

t[ + ti 
2 

It follows that the average gut passage time (GPT) 
can be calculated as the difference between the time of 
the defecation of a fecal pellet and the average time of 
incorporation of particles to that pellet, that is 

t[  + ti 
GPT = td - 

2 

Estimation of the GPT from the defecation interval 

Measurement of GPT as explained above involves 
observing individual animals from start of formation of 
a fecal pellet (ti, Fig. 2A) to defecation (td,  Fig. 25). Even 
at the fastest GPT achievable, observations by this 
technique take more than 6 min for each individual, so 
we looked for alternative, less time-consuming ways of 
measuring GPT. 

Each complete observation of GPT involved observ- 
ing the defecation of 4 fecal pellets, and consequently 
we also could measure 3 time intervals between con- 
secutive fecal pellets (see Fig. 2). Thus we looked at 
the time interval between fecal pellets (DI, min fecal 
pellet-1) as a proxy to estimate GPT, and compared the 
average of these 3 D1 against GPT for a total of 43 indi- 
viduals under contrastmg ambient conditions (Fig. 3) .  
Due to the existence of natural mutual variability in the 
observations, a Geometrical Mean Regression (GMR, 
Ricker 1984) was used instead of an ordinary least 
squares regression. There is a robust, linear relation- 
ship between GPT (min) and average D1 (min fecal 
pellet-1) with 0 intercept (Fig. 3), which indicates that 
D1 is a constant proportion of GPT, i.e. 

GPT = 2.878 D1 

Since no significant differences were found between 
consecutive measurements of D1 (ANOVA for repeated 
measures, FZnw = 1.902, n = 43, p = 0.15, power of 
t e ~ t , , ~ , ~ ~  = 0.615, 3 consecutive measurements for each 
individual) only 1 measurement of D1 was recorded 
per individual thereafter. The corresponding GPT was 
then calculated according to Eq. (2), which allowed us 
to reduce manipulation of animals and increase the 
number of observations per experiment. 

Number of fecal pellets inside the gut of 
Oikopleura dioica 

The coefficient 2.878 in the right hand term of Eq. (2) 
represents the average number of fecal pellets in the 

DEFECATION INTERVAL (min fecal pellet") 

Fig. 3. Oikopleura dioica. Plot of GPT (rnin) versus D1 (min 
fecal pellet-') for animals incubated at a range of food con- 
centrations and food types and 15 * 0.5"C. (o), (0) and (+) 
observations conducted on animals incubated at food concen- 
trations of 60, 120 and 240 pg C 1-' of Isochrysis galbana, 
respectively; (X) observations conducted on animals incu- 
bated on unfiltered seawater. Horizontal solid lines: SD. Solid 
line: Geometrical Mean Regression; dashed lines: 95% con- 
fidence intervals. GPT (min) can be estimated from D1 (min 
fecal pellet-') accordmg to the regression equatlon GPT = 
(2.878 + 0.015) D1 (mean + SE; r2 = 0.9825, n = 43,  = 
35793.87, p < 0.001). The regression intercept was forced 
through zero because the intercept of an ordinary regression- 
was not significantly different from zero ( t  = 1.618. p = 0.11) 

gut (i.e. GPT/DI). In fact, it is possible to obtain an 
independent measurement for the average number of 
fecal pellets (AFP, fecal pellet) inside the gut of an 
individual Oikopleura dioica by timing characteristic 
events in the fecal pellet formation and circulation. 
According to this analysis (Fig. 2) the number of fecal 
pellets inside the gut of 0. dioica experiences oscilla- 
tions between a minimum value of 2 + cp and a maxi- 
mum value of 3 + cp, where cp (fecal pellets) is the stom- 
ach content when a fecal pellet is defecated (Fig. 4), 
and can be calculated as: 

Since this cycle is repeated continuously, the AFP 
within each cycle will also be the time-integrated AFP 
in the gut of Oikopleura dioica, which should therefore 
be calculated as 
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Isochrysrs galbana 

20 

0 Chlot.ella sp. 

Tenaselmis suecica 

i 

Pooled data 

FOOD CONCENTRATION ( ~ ( g  C I" ) 

Fig. 6. Oikopleura dioica. Plot of GPT (rnin) versus food con- 
centration (pg C I-') for individuals incubated in (A) Isochry- 
sis galbana; (B) Tetraselms suecica; (C) Chlorella sp. and (D) 
for all data pooled. (-) Least square regressions for data 
fitted to a power model; (- - - -) 95% confidence intervals. 
Power regression equations between GPT (min) and food 
concentration (FC, pg C 1-') are: GPT = (48.95 2 16.33) 
FC'-'.~~' (*SE, r2 = 0,51, n = 30, = 29.52, p < 0.001) 
for I. galbana; GPT = (19.038 * 3.057) FC(-0.146x00331 (*SE, r2 = 
0.46, n = 25, = 19.47, p < 0.001) for T, suecica; GPT = 
(24.61 * 6.3) FCf-0-'88 0.052) (*SE, r2 = 0.36, n = 25, = 
12.72, p = 0.0016) for Chlorella sp. and GPT = (29.4 * 5.1) 
F C ~ " ~ . ~ ~ ~ ~ ~ ~ ~ ~ )  (*SE; 9 = 0.37, n = 80, = 45.97, p < 0.001, 
Kolmogorov-Smirnov test for normality of residuals, Z= 1.14, 

p = 0.15) for the pooled data 

concentration. Since the parameter cin Eq. (6) does not 
depend on food concentration, we can combine Eq. (5), 
which describes the relationship between GPT and 
food concentration (FC, pg C 1-') as measured at  15OC, 
with Eq. (6)  for a temperature of 15°C and solve for k to 
arrive at: 

If k is substituted in Eq. (6) by the right-hand term of 
Eq. (?), Eq. (6) becomes: 

This equation can be used to estimate gut passage 
time from knowledge of the concentration of available 
food (FC, in pg C 1-I ) and ambient temperature ( t ,  "C). 

TEMPERATURE (" C) 

Fig 7. Oikopleura dioica. Plot of GPT (rnin) versus ternpera- 
ture ( t ,  'C). Data at 10, 15 and 20°C correspond to Expt 3A, in 
which the animals were incubated at concentrations of 30 (0) 
and 250 (0) pg C 1-I of Isochrysis galbana (see Table 1 and 
'Results'). (-) Least squares fits to an exponential model 
for data at 30 pg C 1-' (upper solid line, GPT = 3.08 i 0.24 
e-Oo4' r0~0151, i SE, r2 = 0.34, n = 15, = 8.35, p = 0.013) and 
250 pg C 1-l (lower solid line, GPT = 2.60 i 0.13 e-O 0313 * 00067t;  

r2 = 0.50, n = 15, = 13.02, p = 0.003). ( -  - - -) 95% confi- 
dence intervals for the regressions. Data at 13.5 and 21°C 
correspond to Expt 3B, in which the individuals were incu- 
bated at a concentration of 60 pg C l-' of I. galbana (+) and 

Chlorella sp. (X ] ,  see Table 1 and 'Results' 

DISCUSSION 

The gut of Oikopleura dioica: a chemical reactor 
perspective 

None of the chemical reactor types described by 
Penry & Jumars (1987) exactly describes the gut of 
Oikopleura dioica. This is important, since the choice 
of reactor determines the digestion strategy. While the 
intestine-rectum of 0. dioica functions like a plug flow 
reactor (i.e. a conveyor belt carrying fecal pellets, 
Fig. 2) the stomach functions in a way such that it 
exhibits characteristics of both a batch-reactor (i.e. it 
has pulsed outflow) and a continuous-flow, stirred tank 
reactor (i.e. it has continuous inflow, Fig. 2 ) .  Most 
planktonic filter feeders are similar in their continuous 
ingestion and discrete defecation, with the main differ- 
ences arising in the way the fecal pellets are com- 
pacted. For example, only a proportion of the foregut 
contents are packed in a fecal pellet in copepods 
(Gauld 1957), while appendicularians pack the whole 
foregut (i.e. the stomach) content, which is thus 
emptied each time a fecal pellet is formed (Fig. 1B). 



Lopez-Urrut~a & Acuria Gut throughput in O~kopleura  20 1  

Next we compared the results of these 3 expenments 4 d at 10 15 and 20 * 0 5 and at 30 and 250 1-19 C I-' 
to test for effects due  to food type Because variances in of Isochrysls galbana The idea was to estimate a Q,, 
GPT between the 3 experiments were non homoge- value for the GPT to determine if this estlmated Qlo 
neous (Bartlett Chi-square test B,, = 26 497 p = 0 02) was different for the 2 algal concentrations and,  if not 
we used a Rank Analysis of Covariance (Quade 1967, d~iferent ,  to calculate a common Qlo valld for both con- 
clted in Hultema 1980) No s~gnificant effect of food centrations GPT(min) versus temperature (t, "C) data 
type on GPT was detected (FI: = 2 68, p = 0 075, for each concentration were fitted to an exponential 
Table I ) ,  whlch IS In agreement with the result ob- model following the Arrhenius equatlon i e GPT = 

tained m Expt lB, above Theretore, we pooled data aeC', or In GPT = lna + ct (Fig 7) Regression slopes (I e 
from all 3 algae to estimate a power regression of GPT c in the Arrhenius equation) were not significantly 
versus food concentration, which explained 37 ', of the different for the different food concentrations (test of 
total variance in GPT (Fig 6D) According to this equa- parallelism F, ,, = 0 52, p = 0 48), and the estimate for 
tion, gut passage t ~ m e  at 15°C (GPT,,.,, min) can be the common regression slope, ~vhich was slgnlficantly 
estimated from food concentration (FC, pg C I-') as different from zero ( t27  = -4 337, p < 0 001), is C = 

-0 0376 ? 0 0087 (mean ? SE) However, there were 
GPTISaC = 29 4 FC U --15 significant differences In adjusted means among food 

concentrations (ANCOVA, Fl ,, = 18 81 p < 0 001, 
Table l ) ,  w h ~ c h  is in agreement w ~ t h  Expt 2A,B and C 

Effect of temperature (Fig 6) According to this result, GPT (mm) can be 
estlmated from knowledge of the environmental 

Expt 3A To test the effect of temperature, we temperature ( t ,  "C) as 
GPT = ke O n ' " '  

observed the GPT of mdivlduals raised from egg to age  (6) 

where k is a coefficient which depends on 
the food concentration A common slope 

Table 1  Summary of ANOVA and \NCOVA expenments ~ncludlng the estimate of -0 0376 corresponds to a Qlo  
sum of squares (SS) degrees of freednm ldf) mean  square (MS) F a n d  p val of 0 687 
ues In all cases the dependent vanable 1s gut passage tlme (GPT), except Expt 3B We wanted to know dIf- 
In Evpt 3A, \ \here  the dependent vanable was the natural loganthm of GPT 

Independent vandbleb ( ~ n d  vars ) are  ~ n d ~ c d t e d  In each expenment  ferent algal types might Influence the 
response of GPT to temperature (l e the 

Source of variation SS df MS F P 
P P 

Expt 1B (L-way ANO\ 4 ~ n d  vdrs = algal sprr les & trunk length) 
M a ~ n  effects 2  62 5  0  52 0  34 0  81 
Algal specles 1 2 9  2  0 6 5  0 4 2  0 6 6  
Trunk length 0 2 2  1 0 2 2  0 1 4  0 7 1  
\lgal specles X trunk length 1  10 2  0  55 0  36 0  70 

hlodel 2  62 5  0  52 0 34 0  88 
Error 37 09 24 1 5 4  - 

Total r e s~dua l  3 9 7 1  29 1 3 7  - 

Expt 2  (rank ANCOVA covanate = food concentrat~on, ind var - 
algal specles) 
Algal species 5952 2  2976 2 6 8  0 0 7 5  
Error 85579 77 1111 - - 

Total r e s~dua l  91531 79 1158 - 

Expt 3A ( l  -wac \NCOVA covar~ate  = temperature ~ n d  var = 
food concentrdt~on) 
Temperature 0 7 0  1  0  71 18 81 < 0 0 0 1  
rood Concentrat~on 0 6 4  1 0  64 17 15 < 0 0 0 1  
'Aodel 1 3 5  2  0 6 7  1 7 9 8  < 0 0 0 1  
krror 1 0 1  27 0 0 4  
Total resldual 2 3 6  29 0 0 8  - - 

Expt 3B (2-way ANOVA ind vars = algal specles & temperature) 
M a ~ n  ffprts 1 3 7  2  0  69 43 69 1 0  002 
Algal s p e c ~ e s  0 0 7  l 0 0 7  4 1 7  0 0 5 8  
Temperature 1 3 1  1  1 3 1  8 3 2  < 0 0 0 1  
Algal specles X temprrdture 0  04 1 0  04 2  72 0  119 
Model 1 4 2  3  0 4 7  3 0 0 3  <O 001 
Error 0 2 5  16 0 0 2  - 

Total rrls~dual 1 6 7  19 0 0 9  - - 

Qlo).  Here we used a simpler design 
than that in Expt 3A, and incubated 
individuals for measurement of GPT at 2 
temperatures (13.5 ? 0.5 and 21°C ? 0.5) 
and 60 pg C 1-l of either Isochrysis gal- 
bana or Chlorella sp.  No significant 
interaction was found between tempera- 
ture and algal species used as food (F, ,, 
= 2.71592, p = 0 119, l - p,. ,,,; = 0.34, 
Table l ) ,  which confirms that the Qlo 
value of 0.687 can be used for different 
types of food. 

Prediction of GPT 

According to the experiments above 
only food concentration and temperature 
slgnlficantly ~nfluenced GPT, and Expt 3A 
confirmed that there was no interaction 
between these 2 factors. Here we use this 
knowledge to derive a simple equation for 
predicting GPT from ambient tempera- 
ture and food concentration. Eq (6) re- 
quires knowledge of the exact value of a 
parameter k, which is dependent on food 
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Although we are far from explaining these differences, 
they clearly suggest that evolution has progressed well 
beyond chemical engineering in the design of optimal 
digestive strategies. 

Measurement of GPT in Oikopleura dioica: 
implications for the estimation of grazing rates by 

the gut pigment technique 

One of the characteristics of batch reactors with 
continuous filling is that different food particles have 
different gut residence times, defined as the time an 
individual element spends in the gut. Penry & Jumars 
(1987) defined gut passage time as the mean gut resi- 
dence time, and recon~n~ended the use of gut passage 
time as a measure of gut throughput time (i.e the 
time for 1 gut volume of food to be processed). Our 
newly developed method for the measurement of 
GPT in Oikopleura dioica is perfectly consistent with 
this definition. Previous determinations of GPT in 
appendicularians have relied on the use of marker 
particles (Alldredge 1981, Acuiia et al. 1994, Boch- 
danksy et al. 1998, Bochdansky & Deibel 1999, Acuiia 
et al. 1999), and are therefore gut residence time 
measurements. Moreover, because our method is 
based on timing the defecation of 2 consecutive fecal 
pellets, it does not require manipulation of food qual- 
ity or quantity. The existence of a relationship 
between defecation interval and gut passage time in 
appendicularians (Eq. 2) has been already pointed 
out by Bochdansky & Deibel (1999), who proposed 
that, for continuously feeding appendicularians, GPT 
should equal the amount of food in the gut (in fecal 
pellets) times the average defecation interval. Their 
estimates for GPT, after assuming a value of 3 as the 
aproximate number of fecal pellets in the gut of Oiko- 
pleura vanhoeffeni, were very close to measurements 
using diatoms and cornstarch as markers. Recent 
shipboard observations conducted in the North Water 
Polynya have confirmed that our observational 
method is also applicable to this species (Acuria et 
al. unpubl.). 

This method could also be a simple, accurate, and 
non-intrusive substitute for current gut clearance 
(Mackas & Bohrer 1976), gut filling (Head 1986), or 
radiotracer methods (Arashkevich 1977) for determin- 
ing GPT in copepods. In a revision of data from 
Arashkevich (1977) and Arashkevich & Tseytlin (1978), 
Baars & Oosterhuis (1985) recommend the estimation 
of gut passage time from the time interval between 
egestion of consecutive fecal pellets, after calculating 
an average of 2.9 pellets inside the gut for 4 copepod 
species. The use of gut clearance rate experiments to 
estimate gut passage time in marine copepods has 

been criticised because of the unlikely assumption 
that gut clearance rate is independent of ingestion 
(see Dam & Peterson 1988 and references therein). 
Underestimation of grazing rates by the gut pigment 
technique when compared with other methods was 
explained by Peterson et al. (1990) as a consequence 
of using gut evacuation rate constants from evacua- 
tion experiments on filtered seawater as estimates of 
GPT. However, when GPT was estimated as twice the 
mean defecation interval, ingestion rates estimated by 
the gut pigment content technique were similar to 
values obtained by other techniques (Peterson et al. 
1990). 

Measurement of the time interval between consecu- 
tive fecal pellets is conceptually linked to the mea- 
surement of fecal pellet production rates (the inverse 
of the time interval between consecutive fecal pel- 
lets). T h s  suggests a different approach for the mea- 
surement of GPT, based on recording the number of 
fecal pellets produced within a given time interval. 
Obviously this approach involves blind incubation 
rather than microscopical observation, and opens a 
simple avenue to conduct GPT measurements by 
incubation in thermo-insulated flasks onboard a ship, 
where availability of walk-in cold rooms may be 
limited. In a biogeochemical context, combination of 
these fecal pellet production rates with fecal pellet 
sinking velocities would allow the calculation of verti- 
cal pellet fluxes. Obviously these values would only 
represent maximum flux estimates, as they do not 
take into account the possibility of fecal pellet recy- 
cling or the existence of non-feeding periods when 
building new filter houses. 

A further implication of our observations regards the 
variability of in situ gut pigment content measure- 
ments. We have found clear evidence that the number 
of fecal pellets within the gut of Oikopleura dioica 
oscillates between 3 + cp and 2 + cp, with an average at 

(Fig. 4 ) ,  being cp = 0.368. This means that the gut con- 
tent (i.e. the gut pigment content) systematically 
varies between 135% and 65% of the average gut 
content. This variation is due to the mechanism of 
digestion of 0. dioica and is independent of other 
intrinsic (i.e. body size) or environmental (i.e. temper- 
ature, food concentration and source) factors. Wh.en 
we capture animals from the field for analysis of indi- 
vidual gut pigment contents we are taking snapshots 
of this oscillatory cycle; therefore these measurements 
are tied to a non-reducible variability that cannot be 
explained by regression on environmental variables 
or body size. In fact, regression models to predict the 
gut pigment contents of wild-captured oikopleurids 
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explain only limited amounts of variance (Acufia 
1999). We see no reason why the copepod gut should 
differ in regard to this intrinsic variability (see Fig 4A 
& B in Caparroy & Carlotti 1996 for a theoretical 
example), although gut pigments of copepods are sel- 
dom analysed individually. 

Ecophysiology of GPT in Oikopleura dioica 

We detected a non significant effect of body size on 
GPT, through both a regression experiment involving 
an even distribution of sizes and an ANOVA experi- 
ment in which 2 different cohorts of different size were 
compared (Fig. 5, Table 1). GPT seems to be unrelated 
to body size in other appendicularian species (Boch- 
dansky et al. 1998), in some salps (Madin & Cetta 1984) 
and in copepods (Morales et al. 1990). This is interest- 
ing, because all effects of body size on ingestion rates 
are confined to gut contents, which greatly simplifies 
the task of building predictive models for GPT (i.e. 
Eq. 8).  

As expected, GPT responded to temperature within 
the range of temperatures typical of surface waters off 
the Cantabrian coast (10 to 20°C, Acuna & Anad6n 
1992). A Qlo value of 0.687 for GPT implies that its 
inverse, the gut evacuation rate constant (min-l), has a 
Qlo of 1.46. This is lower than Qlo values for the gut 
evacuation rate constant for copepods (2.24, Dam & 

Peterson 1988) which indicates that feeding rates of 
the eurithermal Oikopleura dioica are less sensitive to 
temperature. It is also lower than the Qlo measured by 
Gorsky et al. (1987) for the respiration rate of 0. dioica 
(1.96, after digitizing their Fig. 3 for calculation of a 
respiratory Qla for body size-corrected data over the 
temperature range of 15 to 24'C). A Qlo close to 1.4 is 
what should be expected for the respiration rates of 
poikilotherms (Peters 1983). 

GPT also varied within the range of suspended 
organic carbon concentrations typical of the coastal 
waters where Oikopleura dioica is present (e.g. All- 
dredge 19811, which confirms that a reduced food sup- 
ply is in part compensated by increased digestion 
times in accordance with current digestion theory [Wil- 
lows 1992). Bochdansky et al. (1998) found a low, non 
significant effect of food concentration on gut passage 
time in the cold water Oikopleura vanhoeffeni, while 
Dagg & Walser (1987) detected, a clear response of GPT 
for the copepod Neocalanus plumchrus below a 
threshold chlorophyll concentration of 4 pg 1-l. Assum- 
ing a carbon:chlorophyll ratio of 40, this would corre- 
spond to 160 pg C 1-l, which is close to our threshold at 
ca 120 pg C 1-' (Fig. 6D).  

Although we detected no signifi.cant effects of algal 
species on GPT, p values for these statistical tests were 

sufficiently close to 0.05 to take this result cautiously 
(Table 1; Expts lB, 2 and 3B).  Moreover, the curve of 
GPT versus food concentration for Isochrysis galbana 
had a markedly different aspect from that for Tetra- 
selmis suecica and Chlorella sp., which is consistent 
with differences between feeding functional response 
curves of Oikopleura dioica when feeding on these 
same algal species (Acufia & Kiefer in press). The 
effect was small, however, when compared with the 
effects of temperature and food concentration, but we 
are probably not sampling the full range of particle 
qualities that 0. dioica encounters in nature. More 
research is clearly needed in this regard. 

Prediction of GPT in Oikopleura dioica 

We found no significant interactions between food 
concentration and temperature on the GPT of Oiko- 
pleura diolca (Table 1).  This indicated to us that tem- 
perature had the same effect irrespective of food con- 
centration, and that a combined model could be used 
to predict GPT from knowledge of food concentration 
and temperature (Eq. 8). The model does not require 
inclusion of any allometric terms, since we found non 
significant effects of body size on GPT (Fig. 5, Table 1). 
Thus, we recommend the use of Eq. (8) when no direct 
measurements of GPT are available. This relationship 
is based on laboratory experimentation which might 
not reflect actual field conditions, especially food type, 
and does not take into account the potential negative 
effect of large, non-ingestible diatom chains on inges- 
tion rates (Acuna et  al. 1999). Although further field 
validation of this model is clearly required, we have 
established here the basis for the measurement and 
prediction of gut throughput dynamics in appendicu- 
larians. 

Acknorvledgements. We wish to thank A. Bochdansky and D. 
Deibel for making an early version of their manuscript avail- 
able to us and for their lively discussion and criticism. Special 
thanks are due to M. befer  for his help dunng the early 
experimental phase of :his work, and to M. L r i e r  and D. Fer- 
nandez for comments on an early version of this paper. J. M. 
L6pez helped in elucidating the structure of the digestive sys- 
tem of Oikopleura dioica. Discussions with R. Anadon and I. 
Huskin, and comments by 4 anonymous referees were partic- 
ularly helpful. T b s  is a contribution of the University of 
Oviedo to E U  projects OMEX I1 - Phase I1 (MAS3-CT97-0076) 
to R. Anadon and EURAPP (MAS3-CT98-0161) to J.L.A. 

LITERATURE CITED 

Acufia JL,  Anadon R (1992) Appendicularian assemblages 
in a shelf area and their relationship with temperature. 
J Plankton Res 14(9):1233-1250 



Lopez-Urrutia & Acuna: Gut throughput in Oikopleura 205 

Acuna JL, Deibel D, Sooley S (1994). A simple device to trans- 
fer large and del~cate  planktonic organisms Limnol 
Oceanogr 39(8):2001-2003 

Acuna JL, Deibel D, Bochdansky AB, Hatfield E (1999) In situ 
ingestion rates of appendicular~an tun~cates  In the North- 
east Water Polynya (NE Greenland). Mar Ecol Prog Ser 
186 149-160 

Acuna JL, Kiefer M (in press) Functional response of the 
appendicularian Oikopleura dioica. Linlnol Oceanogr 

Alldredge AL (1981) The Impact of appendicularian grazing 
on natural food concentrations In situ. Limnol Oceanogr 
26(2):247-257 

Arashkevich YG (1977) Duration of food digestion in marine 
copepods. Pol Arch Hydrobiol 24(Suppl):431-438 

Arashkevich YG. Tseytlln VB (1978) Dependence of the ration 
on food concentration in phytophagous copepods and 
their feeding mechanism Oceanology 18.347-351 

Baars MA, Oosterhuis SS (1985) Zooplankton grazlng in 
natural water with high concentration of 14C b~carbonate:  
variable live controls and gut passage time. Hydrobiol Bull 
19(1):71-80 

Bochdansky AB, Deibel D (1999) Functional feeding response 
and behavioral ecology of Oikopleura vanhoeffeni (Ap- 
pendiculana, Tunicata) J Exp Mar Biol Ecol 233-181-211 

Bochdansky AB, Deibel D, Hatf~eld  EA (1998) Chlorophyll a 
conversion and gut passage time for the pelagic tunicate 
Oikopleura vanhoeffem (Appendiculana). J Plankton Res 
20(11):2179-2197 

Caparroy P, Carlotti F (1996) A model for Acartia tonsa: effect 
of turbulence and consequences for the related physio- 
log~cal  processes. J Plankton Res 18(11):2139-2177 

Dagg MJ, Walser WE (1987) Ingestion, gut passage, and eges- 
tion by the copepod Neocalanus plumchrus In the labora- 
tory and in the subarctic Pacific Ocean. Limnol Oceanogr 
32(1).178-188 

Dam HG, Peterson WT (1988) The effect of temperature on 
the gut clearance rate constant of planktonic copepods. 
J Exp Mar Biol Ecol 123 1-14 

F e n a u  R (1989) Les mecanismes d e  l 'alimentat~on chez les 
appendiculaires. Oceanis 15(1):31-37 

Fenaux R, Gorsky G (1985) Nouvelle technique d'elevage 
des appendiculaires Rapp Comm Int Mer Medit 2919) 
291-292 

Gauld DT (1957) A perltrophic membrane In calanoid cope- 
pods. Nature 179,3255326 

Gorsky G ,  Palazzoli 1, Fenaux R (1987) Influence of tem- 

Editorial responsibjljty Otto f i n n e  (Ed~tor), 
Oldendorf/Luhe, Germany 

perature changes on the oxygen uptake and ammonia 
and phosphate excretion, in relation to body size and 
weight, in Oikopleura dioica (Appendicularia). Mar Biol 
94:191-201 

Head EJH (1986) Estunation of Arctic copepod grazing rates 
in v ~ v o  and cornpanson w ~ t h  in -v~ t ro  methods. Mar Biol92: 
371-379 

Hu i t en~a  BE (1980) The analysis of covanance and alterna- 
tlves. Wiley-Interscience, New York 

Landry h4R. Lorenzen CJ ,  Peterson WK (1994) Mesozoo- 
plankton grazing in the Southern California Bight 11. 
Grazing impact and particulate flux. Mar Ecol Prog Ser 
115:73-85 

Mackas D, Bohrer K (1976) Fluorescence analysis of zoo- 
plankton gut contents and investigation of die1 feeding 
patterns. J Exp Mar Biol Ecol 25:77-85 

Madin LP, Cetta CM (1984) The use of gut fluorescence to 
estimate grazing by oceanic salps. J Plankton Res 6(3) :  
475-492 

Morales CE, Bautista B, Harns RP (1990) Estimates of inges- 
tion in copepod assemblages. gut fluorescence in re la t~on 
to body s u e .  In: Barnes M, Gibson RN (eds) Trophic rela- 
tionships in the marine environment. Proc 24th Europ Mar 
Biol Symp, Aberdeen Un~versity Press, p 565-577 

Penry DL, Jumars PA (1987) Modellng anlmal guts as  chemi- 
cal reactors. Am Nat 129(1)-69-96 

Perissinotto R, Pakhomov EA (1996) Gut evacuation rates and  
pigment destruction in the Antarctic krill Euphasia 
superba.  Mar Biol 125:47-54 

Peters RH (1983) The ecological ~mplications of body size. In: 
Beck E ,  Birks MJB, Connor EF (eds) (Cambridge Studies 
in ecology, V01 2 Cambridge University Press, Cambridge 

Peterson W, Painting S,  Barlow R (1990) Feeding rates of 
Calanoldes cannatus: a comparison of five methods in- 
cluding evacuation of the gut fluorescence method Mar 
Ecol Prog Ser 63:85-92 

Quade D (1967) Rank analysis of covariance. J Am Stat Assoc 
62.1187-1200 

k c k e r  WE (1984) Computation and uses of central trend lines. 
Can  J Zoo1 62:1897-1905 

Strathmann RR (1967) Est~mat ing the organic carbon content 
of phytoplankton from cell volume or plasma volume. 
Limnol Oceanogr 12:411-418 

Willows RI (1992) Optimal d~ges t ive  investment. a model 
for filter feeders experiencing vanable diets. L~mnol  
Oceanogr 37(4):829-847 

Submitted: January  15, 1999; Accepted: J u n e  16, 1999 
Proofs received from author(s): Decembel- 23, 1999 




