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Abstract

Food intake (FI) and gut evacuation (Rg) were mea-
sured in larvae of Pseudoplatystoma punctifer (4.5—
18.4 mm SL) fed Artemia nauplii, taking advantage
of the translucence of their abdominal region to
achieve this in a non-destructive way, using digital
photographs and mathematical reconstruction of
gut volume content (ellipsoidal and cylindrical mod-
els for stomach and intestine respectively). The inac-
curacy of the method, with reference to counts of
nauplii following fish dissection, was low (2.9 +
1.5%) and independent of fish size (P = 0.6153).
Pigmentation hampered measurement in fish >18—
needed in fish
>9.5 mm SL, thereby preventing the measurement
of Rg in individual fish. The FI increased rapidly
during the ontogeny, passing from <7% M at
0.6 mg, to 14% M at 1 mg and 21% M at 15—
40 mg, and then decreased slightly in larger fish.
At 28.5°C, Rg (% M h™!') was modelled as Rg =
~8.22 + 12.11 log FI + 6.30 log M — 12.67 (log
M)? (R* = 0.904, d.f. = 27, with FI in% M and M in
mg). Extrapolations of Rg over 24 h gave estimates
of daily food rations that fit well with those mea-

19 mm SL. Anaesthesia was

sured in cannibalistic P. punctifer.
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Introduction

The knowledge of how metabolism, growth and
food consumption vary between fish species, devel-
opmental intervals and environments is essential
to understand their adaptive capacities and opti-
mizing their culture. In particular, information on
meal size and gut evacuation (Rg) rate is crucial
for a correct adjustment of feeding levels and meal
frequency (Elliott & Persson 1978; Jobling 1986;
Canino & Bailey 1995), which are prerequisites to
minimize size heterogeneity and cannibalism
(Kubitza & Lovshin 1999; Baras & Jobling 2002).
Several methods have been developed to measure
the food intake (FI) of fish under controlled condi-
tions (Jobling, Coves, Damsgard, Kristiansen, Kosk-
ela, Petursdottir, Kadri & Gudmundsson 2001),
with variable accuracy and success, depending on
food type and fish size. In particular, numerous
methodological restrictions concern fish larvae,
which in addition to being small and delicate to
handle, generally necessitate live prey (Ronnestad,
Rojas-Garcia, Tonheim & Conceigcdo 2001).

The removal method can be accurate for large
prey (Baras, Hafsaridewi, Slembrouck, Priyadi,
Moreau, Pouyaud & Legendre 2010), but is gener-
ally less accurate for small prey, which can decay
rapidly, be confused with faeces and pass unno-
ticed (Kamler 1992), and so it is generally neces-
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sary to label small prey. A broad series of tracers
have been evaluated (review in Conceicdao, Morais
& Ronnestad 2007). Staining (e.g. with drawing
ink or methylene blue) might be inconveniently
long (Dendrinos, Dewan & Thorpe 1984), and it is
possible that a change in the prey’'s colour modi-
fies its attractiveness. Radioisotope methods are
highly sensitive and leave the prey unaltered (Lan-
gar & Guillaume 1994; Morais, Conceicdo, Dinis &
Ronnestad 2004), but they generate contaminated
waste and require specific, expensive equipment.
Labelling prey with ingested microalgae (Eldridge,
Whipple, Eng, Bowers & Jarvis 1981; Yufera, Pasc-
ual & Polo 1993) or fluorescent microsphere parti-
cles (McCarter & James 1993; Canino & Bailey
1995) is a ‘clean’ alternative that also facilitates
counting the number of prey eaten by fish. How-
ever, the accuracy of these techniques depends on
whether individual prey equally ingests the mark-
ers, which is not systematic (e.g. 81-98% marking
efficiency with microsphere particles in 1-day old
Artemia; Wuenschel & Werner 2004). In addition,
their deployment requires that the prey ingest
marked items, which, for example, is not the case
of newly hatched brine shrimp Artemia nauplii or
decapsulated cysts.

Food intake and Rg rate can also be measured
directly with unlabelled prey, but it generally
requires the sacrifice and preservation of speci-
mens. Micro-dissection is tedious, and counts of
ingested prey can be difficult or inaccurate if diges-
tion is in an advanced stage (Pedersen 1984).
Alternatively, the gut content can be weighed on a
microbalance (Shoji, Maehara, Aoyama, Fujimoto,
Iwamoto & Tanaka 2001), but preservation in
chemicals generally induces biases in weight
(Giguere, St-Pierre, Bernier, Vézina & Rondeau
1989), and necessitates the use of correction fac-
tors that often make FI estimates inaccurate.
Recently, a natural marker of Artemia cysts, the
ascorbic acid 2-sulphate (AAS), which is neither
utilized nor biosynthesized by some fish larvae, has
been used to measure FI and Rg in fish fed decapsu-
lated Artemia cysts (Garcia-Ortega, Verreth, Vermis,
Nelis, Sorgeloos & Verstegen 2010). This method
can be accurate, at least for groups of fish, but it
requires sophisticated equipment (HPLC), as well as
daily calibrations, as the AAS content of Artemia
cysts can be highly variable (Garcia-Ortega et al.
2010). Furthermore, any technique requiring the
sacrifice of fish implies that Rg cannot be measured
on an individual basis. This might be a shortcom-

ing as FI can vary substantially between individual
fish, and Rg is strongly influenced by the degree of
gut fullness (Laurence 1971; Jobling 1994).

In many fish species, the body wall is translu-
cent until the late larval or early juvenile stage,
especially in the abdominal region. Several studies
have taken advantage of this feature for determin-
ing the diet of fish (Pryor & Epifanio 1993; Kubitza
& Lovshin 1999). In contrast, we are not aware of
any study where the volume of the gut content
was quantified from such observations, while this
information can be obtained from the analysis of
digital microphotographs.

This study aimed at evaluating the accuracy and
consistency of this method for measuring the onto-
genetic variations of FI and Rg dynamics in live fish.
It was conducted on larvae of the doncella Pseudo-
platysoma punctifer (formerly P. fasciatum; Pimelodi-
dae, Siluriformes), a catfish of major importance for
the diversification of South American aquaculture
(Kossowski 1996; Nunez 2009). The development
of its culture is still hampered by the massive losses
to cannibalism during the larval and early juvenile
stages (Padilla Pérez,
Ismino Orbe 2001; Gervasio Leonardo, Romagosa,
Borella & Batlouni 2004; Nunez, Dugué, Corcuy Ar-
ana, Duponchelle, Renno, Raynaud & Legendre
2008), partly because information on meal size and
frequency is inaccurate or incomplete.

Alcantara Bocanegra &

Methods

Fish and rearing conditions

The fish used in this study were half siblings sired
from broodstock held captive in the Aquaculture
Research Station of the Instituto de Investigaciones
de la Amazonia Peruana (ITAP) at Quistococha
(Iquitos, Loreto Region, Peru). Hormonally induced
ovulation, egg fertilization and incubation were
performed following Nunez et al. (2008). Hatching
took place 17 h after fertilization. Hatchlings were
3.1 £ 0.1 mm (notochord length, mean + SD) and
possessed a yolk of about 0.2 mm?® (calculated in
the very same way as FI, see next section). During
the hours following hatching, fish were transferred
in 30-L square tanks (40 x 40 x 19 cm; stocking
densities of about 20 fish L™!) in an indoor recir-
culating system under natural photoperiod (12 h
of light and 12 h of darkness). Water temperature
was maintained at 28.0 + 0.5°C, and oxygen was
near saturation.

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13
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Exogenous feeding was first observed 56 h after
hatching (hereafter hah), but was not systematic
before 72-80 hah, after the fish had fully absorbed
their yolk [standard body length (SL) of 4.6 +
0.2 mm; total body length (TL) of 5.5 £ 0.2 mm;
wet body mass (M) of 0.6 mg; mean + SD]. Fish
were fed live Artemia nauplii, which were distrib-
uted every 3 h during the hours of light (five
meals per day at 7:00, 10:00; 13:00, 16:00 and
19:00 h). No meal was distributed at night, and
uneaten food was siphoned in the evening to
ensure that fish had empty guts when experiments
started the following morning.

Standard measurement protocol

All observations took place in a room with stable
air temperature (about 28°C). On each day of
measurement, larvae were collected, rapidly sorted
by size to produce a homogenous sample of at
least 100 fish, and offered live nauplii in large
excess, as the FI of fish larvae does not generally
become asymptotic unless food is given in excess
(Houde & Schekter 1980, 1981). In the rest of the
text, the moment of food distribution is referred to
as time zero (t;). Larvae were allowed to feed for
20 min, which was enough for replenishing, in
view of the similarity between the gut contents of
fish allowed to feed for 20, 30 and 40 min (data
not shown). Thereafter, they were transferred in
water devoid of food, rapidly examined, and those
with gut contents much lower than others to the
observer’s naked eye were removed with a pipette.

The first observation took place about (nearest
5 min) 30 min after tq. Five to 10 fish were ran-
domly sampled, anaesthetized (2-phenoxy-ethanol,
0.35mL L") and examined successively. Each
fish was placed in a lateral recumbent position in
a Petri dish filled with the anaesthetic solution
under the dissection microscope (magnification x6
to x25, depending on fish size). Small larvae of
doncella have rounded bodies and short fins, and
they generally roll on their side when anaesthe-
tized. Larger larvae possess longer fins and a
dorso-ventrally compressed head, which compli-
cate their observation in profile view under the
dissection microscope. To place the fish in a lateral
recumbent position in a non-destructive way, a
small piece of rubber was gently placed with a fine
pincer on the fish's caudal peduncle. Thereafter,
the stomach and gut regions were photographed
by reference to a finely graduated (0.1 mm) scale.

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13

Fish size (SL) was measured from digital photo-
graphs, under the microscope for small fish and in
macrophotography for larger fish. With two opera-
tors, the operation took about 30 s per fish. Mea-
sured fish were not re-used for any subsequent
observation, as anaesthesia might have affected
Rg. The same operation was repeated every
30 min on other samples of 5-10 fish, until the
guts were emptied.

In addition to the series used for measuring Rg,
other fish were sampled on a near daily basis, and
examined about 30-40 min after the first morning
meal (always before the start of defecation), to fur-
ther document the ontogenetic variation of FI. The
study ended when the pigmentation of the abdom-
inal body wall prevented the accurate observation
of gut content.

Protocol for measuring Rg in individual fish

The use of anaesthesia in the standard protocol pre-
vented studying the same individual fish at different
stages of digestion. To address this issue, a slightly
different protocol involving no anaesthesia was
applied. Here, 5-10 fish were randomly sampled
about 20 min after t, and housed in isolation in
300 mL containers. At the time of measurement, a
fish was gently captured with a pipette, placed
under the dissection microscope, then water was
pumped with a pipette and gravity forced the fish in
a lateral recumbent position. The fish was photo-
graphed rapidly, water was poured again and the
fish was returned to its enclosure. The time for pro-
cessing an individual fish was about the same as
with the standard protocol (30 s). The same proto-
col was applied to the other fish, and was repeated
on all fish at 30-min intervals. Fish were always
processed in the same sequence to make the inter-
vals between successive observations as similar as
possible. After the last measurement, all fish were
anaesthetized and photographed for subsequent
accurate measurements of body length.

This protocol suffered from some technical and
biological limitations. Large larvae could not be
observed easily in profile view as their long pec-
toral fins prevented them from rolling on their side
following a sudden drop in water level, and they
reacted swiftly when forced in a lateral recumbent
position by a pressure on their flank or tail. Small
larvae could be observed in profile view, but they
did not stay still for more than 2 or 3 s, which
was generally too brief for operating a camera in
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autofocus mode. It required a well-trained operator
to take rapid and sharp snapshots in a manual
focus mode. Finally, it was uncertain whether
repeated handling interfered with Rg. The latter
issue was tested by a post hoc comparison between
the individual and standard protocols. The obser-
vations with the two protocols were done in a
row, and so there were never more than 5 min
between the observation times for the two series,
and the intervals between successive measure-
ments were similar.

Calculation of gut content volume

Digital photographs were processed with the free-
ware Image ] (Abramoff & Magalhaes 2004;
http://rsbweb.nih.gov/ij/). The stomach and intes-
tine regions were analysed separately, because of
their contrasting shapes. The limit between the
two regions was conspicuous in fish of all sizes as
the pylorus of doncella develops before the start of
exogenous feeding (48 hah, authors’ unpublished
data). In each region, the gut content was con-
toured with a hand-drawn closed polygon, the sur-
face of which was calculated by the freeware.
Other measurements, specific to each gut region,
were also made (see below).

The intestine (or its content) is shaped as a cir-
cumvallated cylinder of irregular section. Its vol-
ume (Vi) can thus be estimated as Vi=0.25 =«
Li Di,> where Li is the length and Di,, is the
mean diameter of the intestine over the regions
containing food. The value of Li was obtained by
tracing an open polygon passing at mid of the gut
content. The value of Di,, was deduced from the
surface of the contour polygon of the intestine
content (Si) and Li, i.e. Di,, = Si Li~'. Hence, Vi is
given by Vi = 0.25 © Si* Li '

The stomach content is generally shaped as an
ellipsoid, the volume (Vs) of which can be calcu-
lated as Vs = 0.1667 nt Ls,, Hs,, Ws,,, where Ls,,,
Hs,, and Ws,, are the mean length, height and
width of the stomach content respectively. In a
profile view, Ws cannot be measured. Photographs
from both profile and bottom views were taken in
20 fish of different sizes (6.0-16.5 mm SL) to com-
pare the dimensions of Ws and Hs. For this com-
parison, the longest extensions of Ws and Hs
(hereafter, Wsy; and Hsy;) were preferred, as they
could be measured more rapidly than the corre-
sponding means. The Wsy:Hsy; ratio in doncella
was independent of fish size (simple linear regres-

sion analysis, P = 0.7138; d.f. = 19) and did not
differ from 1.00 (mean + SD of 1.02 + 0.05). This
supported the idea that stomach volume could be
measured from profile views. It was thus calcu-
lated as Vs = 0.1667 n Le He?, where Le and He
are the diameters of a planar ellipse with a surface
area equal to that of the contour polygon of the
stomach content (Ss), and where the He:Le ratio
equals the Hsy,:Lsy ratio between the longest verti-
cal and sagital dimensions of the stomach content.

Validation tests

Additional tests were carried out to verify whether
the above protocols and modes of calculation were
accurate, consistent and repeatable. Accuracy was
evaluated by comparing estimates of gut content
volume Vg (= Vi + Vs) to true counts of nauplii,
following fish sacrifice (2-phenoxy-ethanol, 3.0 mL
LY and dissection. The mean volume of newly
hatched Artemia nauplii was estimated from their
mean wet mass, which was 0.015 mg (volume of
0.015 mm?) in this study, consistent with knowl-
edge on Artemia nauplii (Sorgeloos, Lavens, Léger,
Tackaert & Versichele 1986).

To test for consistency, the same photographs
were analysed twice by the same operator at sev-
eral weeks of interval. Fish were analysed at differ-
ent times after feeding to test whether the
digestion stage influenced the consistency of mea-
surements. A second way of evaluating consis-
tency consisted in comparing the gut contents of
the same individual fish at different times before
the start of defecation, as the gut content remains
unchanged in these circumstances. To test for
repeatability, the same fish were photographed
twice under anaesthesia (right and left profile
views).

Data analysis

The estimates of gut content volume (Vg) were
obtained by adding the estimated volumes of the
intestine (Vi) and stomach regions (Vs), and
expressed as a proportion (%) of the fish wet body
mass, assuming that 1 mm’ = 1 mg. Fish body
mass (M) was not measured straight because
of variable degrees of stomach fullness in the
fish under study. It was back-calculated from the
following models between SL (mm) and M (mg)
that were determined in fish with empty guts
(E. Baras, unpublished data): Fish > 11.5 mm SL:

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13
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log M=-1.823 +2.875 log SL (r*=0.992,
P <0.0001, d.f. = 211).

Fish < 11.5 mm SL: log M =1.731 — 10.472
log SL+14.721 (log SL)* — 5.010 (log SL)’
(R* = 0.988, P <0.0001, d.f.=91). The model
for small larvae is more complex than most rela-
tionships between M and SL in fish, but it accu-
rately reflects the different stages of allometric
growth that occur in the early larval stages of
doncella.

For validation tests, the relative inaccuracy (Ir,%)
was calculated from the difference between the esti-
mated volume Vg and a reference volume (Vgg):
Ir = 100 (Vg—Vgg) Vgg '. The relative inaccuracy
indicated whether estimates were on average exag-
gerated or underestimated. The absolute value of
the inaccuracy (Ia = ' Ir ‘) was also calculated to
measure the overall degree of discrepancy (inaccu-
racy or inconsistency, depending on tests). The ref-
erence (Vggr) was either the volume that was back-
calculated from counts of nauplii for tests of accu-
racy, or the first estimate by the observer for tests of
consistency and repeatability. Paired t-tests were
used to test for accuracy, consistency and repeat-
ability. Unpaired t-tests were used to compare the
inaccuracy when estimating Vg for meals at differ-
ent stages of digestion.

There has been a considerable debate on which
model describes best the rate of gut or stomach
evacuation in fish (e.g. Jobling 1986; Jobling
1987). All models are based on the same equation,
ie. dV dt™!' = —Rg V%, where V is the volume of
the gut or stomach content, Ry is the rate of evacu-
ation and t is the time, but they use different values
for the exponent B. Exponential (B = 1; Persson
1981) and square root models (B = 0.5; Jobling
1981) are widely used in adult or juvenile fish, but
linear models (B = 0) have been found to correctly
describe the patterns of Rg in fish larvae (Canino &
Bailey 1995; Wuenschel & Werner 2004). Hence,
in this study, these three types of regression models
were tested to analyse the relationships between Vg
(% M) and the time since t,. Models were con-
structed from mean Vg values rather than individ-
ual values to enable a comparison (analysis of
covariance, ANcovA) of the values of Rg produced by
the two experimental protocols. Stepwise multiple-
regression analyses were used to test whether the
individual values of Rg obtained with the individ-
ual protocol were dependent on fish M and FI.

Experiments on Rg in larvae of different ages
took place at slightly different temperatures (26.7—

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13

28.5°C). A Qjgeoc of 2.06 (about the mean value of
Q10°c in teleosts for the 25-30°C range; Kamler
1992) was applied to correct raw Rg estimates for
thermal discrepancies. Corrected values were cal-
culated for a temperature of 28.5°C, for which
information was available on the daily FI of canni-
balistic doncella of different sizes (data produced
by a removal protocol; E. Baras and D.V. Silva del
Aguila, unpublished data). This comparison aimed
to test whether the data obtained from the analy-
sis of fish fed discontinuously, as was the case
here, might serve to estimate daily food rations.
Null hypotheses were rejected at P < 0.05.

Results

Methodological tests

For meals recently ingested (0.5 h), the values of Vg
estimated by a well-trained observer never departed
significantly from the volumes that were back-cal-
culated from counts of Artemia nauplii (Fig. 1). The
inaccuracy at the first observation was low (Ia of
2.9 + 1.5%; mean + SD), and independent of fish
size (simple linear regression: P = 0.6153, d.f.

= 24). Vg was not systematically exaggerated or
underestimated (Ir from —6.1 to +4.6%). Repeated
measurements of Vg on the same photographs were
highly consistent (paired t-test, P = 0.7280, d.f.

= 14, Ia of 1.3 = 0.8%). Analyses of photographs of
the same fish from right and left profiles also pro-
vided consistent estimates (paired  t-test,
P =0.1093, d.f. = 14; Ta of 1.8 + 0.9%). The inac-
curacy was slightly, but not significantly higher
when the meal was in more advanced digestion
stage (Ia of 3.4 £ 1.6 vs. 2.9 £ 1.5%; unpaired
t-test, P = 0.4368, d.f. = 28).

Size limitations

Until a size of 10 mm SL (M of 10 mg), the obser-
vation of gut content in doncella was not ham-
pered by pigmentation or fins. Thereafter, the
pectoral fins elongated and acquired a dark pig-
mentation, which rendered anaesthesia indispens-
able for observing the fish while moving its
pectoral fin sideways. In fish larger than 12 mm
SL (M of 20 mg), the observation of gut content
was further complicated by the development of a
dark stripe over the anterior part of the stomach,
but this was no longer a problem if the fish was
placed in a dorso-lateral recumbent position. This

Ul
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Figure 1 Accuracy, consistency and repeatability of
the gut content estimates produced by a well-trained
observer for recently ingested meals (about 0.5 h after
feeding). Bars and whiskers are the mean and standard
deviation of the inaccuracy Ia [the absolute value of
the difference (%) between the estimate and a refer-
ence|. The value of Ia is expressed by reference to the
actual gut content volume (accuracy; open bars) or to
the first measure produced by the observer (consistency
and repeatability, dashed bars). The actual gut content
volume was calculated from the number of Artemia
nauplii counted in live fish (n = 10; 4.9-5.7 mm SL;
2—11 nauplii) or after their dissection (n=15; 5.7—
16.7 mm SL; 13-216 nauplii).

situation persisted until the entire abdominal body
wall acquired a yellowish tone, which made the
observation of gut content impossible in fish larger
than 18-19 mm SL (M of 60-70 mg).

Ontogenetic variation of food intake

Food intake was measured by the contour method
in 165 larvae ranging from 4.5 to 18.4 mm SL
(0.6-65 mg). At the start of exogenous feeding,
larvae of doncella (4.5 mm SL; 0.6 mg) consumed
no more than two or three nauplii per meal (4.5—
7% M; Fig. 2). Their FI increased rapidly and
attained about 14% M in fish of 1 mg. Thereafter,
FI continued to increase, but at a slower pace. It
was highest (20.5-21.2% M) in fish ranging from
15 to 40 mg (11.2-15.5 mm SL), and then
started decreasing slowly in larger fish. The onto-
genetic variation of the maximum FI (FIy,% M)
was modelled from the highest values of FI in fish
of different sizes (Fig. 2), using two separate mod-
els for fish smaller and larger than 1 mg:

Standard body length (mm)

5 6 7 8 9 10
24 L L L L L L

12 14 16 1820

Food intake (FI, % M)

Wet mass (M, mg)

Figure 2 Size-dependent variation of food intake (FI)
in doncella (165 fish from 4.5 to 18.4 mm SL, 0.6—
65 mg wet mass, observed 30—40 min after feeding,
before the start of defecation). Fish with obviously low
FI to the observer’'s naked eye were not retained for
this analysis. The plain curves illustrate the maximum
meal size that was modelled from the highest values of
FI in fish of different sizes (closed circles). Two separate
models were used for fish smaller and larger than
1 mg (vertical dotted line; see text for equations and
statistics).

Fish < 1 mg: FIyy = 14.25 + 17.87 log
M —137.70 (log M)* (R?>=0.987, df =9,
P < 0.0001, P = 0.0156 and 0.0023 for the inter-
cept, first and second order polynomials respectively).

Fish > 1 mg: FIy; = 14.14 + 8.07 log M—2.36
(log M)* (R*=0.973, d.f. =19, P <0.0001 for
all coefficients).

Ontogenetic variation of gut evacuation rate

Gut evacuation was studied in larvae aged 5-20
dah (Table 1). The mean FI of these fish were
slightly below the FIy; values shown in Fig. 2.
Anaesthesia was needed for observing fish older
than 10 dah and larger than 9-10 mm SL (see
Size limitations). In the four series where the indi-
vidual protocol was used (fish aged 5, 6, 7 and 10
dah), the estimates of Vg at different times before
the start of defecation (70-90 min after t;) were
highly consistent (Fig. 3), which further supports
the idea that Vg was measured accurately.

At all ages, the decline of Vg after the start of
defecation was curvilinear, and systematically best
described by an exponential model. However, dur-
ing the first 2 h after the start of defecation, it was
equally well or slightly better described by a linear
model. This situation was also observed for indi-

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13
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Table 1 Characteristics of the experiments for studying the gut evacuation rate (Rg) in doncella larvae of different ages
(5-20 days after hatching, dah). SL is the standard body length (mean + SD), M is the wet body mass, n is the number
of fish used at each time of observation and FI is their food intake (mean + SD). ‘Ind’ indicates that the same individual
fish were examined at different times after feeding, in contrast to ‘Groups’ where different groups of n fish were exam-
ined at different times. The values of Rg were calculated at the study temperature (raw value) and transformed for

28.5°C (see Methods)

Rg (% M h™")

Age (dah) SL (mm) M (mg) n T (°C) Fl (% M) Raw 28.5°C IS d.f. P

5 53+0.2 0.9 5 Group 26.9 114 +£25 3.59 4.03 0.980 4 0.0012
5 5.3+ 0.1 0.9 6 Ind. 26.9 11.0 0.9 3.40 3.82 0.990 4 0.0004
6 5.8 +0.3 1.3 5 Group 27.3 13.7 £ 21 4.61 5.03 0.977 4 0.0015
6 5.8+ 0.2 1.3 7 Ind. 27.3 13.3+1.6 4.42 4.82 0.992 4 0.0003
7 6.3 +0.3 1.7 5 Group 285 142+19 5.57 5.57 0.986 4 0.0006
7 6.1 +0.2 1.6 7 Ind. 28.5 13.8 + 2.0 5.48 5.48 0.993 4 0.0002
10 7.6 +0.3 3.4 5 Group 28.4 148 £ 2.7 6.04 6.08 0.982 4 0.0010
10 76+0.2 3.3 8 Ind. 28.4 1565+ 1.8 6.25 6.29 0.991 4 0.0003
13 9.8+ 04 10.8 5 Group 28.4 141 +24 5.31 5.35 0.984 4 0.0008
17 13.6 + 0.9 27.6 5 Group 27.8 15.4 +2.7 4.44 4.67 0.980 4 0.0012
20 172 +1.0 541 5 Group 26.7 16.4 =15 3.10 3.53 0.982 4 0.0010

vidual trajectories. The coefficients of determina-
tion (r?) of the linear regression analyses for the
calculation of Rg were always slightly higher with
the individual protocol than with the group proto-
col (Table 1). Likewise, the SD of the mean Vg at
different times were generally lower with the indi-
vidual than with the group protocol. The differ-
ences between the estimates of Rg produced by the
two protocols in fish of identical age were always
low (<0.2% M h™'; Table 1) and never differed
significantly (ancova, P of 0.6337, 0.6951, 0.8517
and 0.7384 at 5, 6, 7 and 10 dah respectively).

A stepwise multiple-regression analysis of the
data obtained with the individual protocol revealed
that the Rg rate corrected for 28.5°C (Rg>g.50¢,%
M h™') was not only significantly dependent on
fish mass (M, mg) but also on FI (% M). The model
stood as: Rgrg.soc = —8.22 + 12.11 log FI + 6.30
log M — 12.67 (log M)* (R* = 0.904, F = 75.5, d.
f.=27; P of <0.0001, <0.0001, 0.0013 and
0.0003, for the intercept and variables presented
in the model).

The ontogenetic variation of Rg in doncella was
shaped as an asymmetric dome (Fig. 4). The value
of Rg increased very rapidly during the early lar-
val stage, attained a maximum at about 9 mm SL
(6 mg), and declined in larger fish. This pattern
was not modified substantially, and just slightly
broadened, after the data were corrected for ther-
mal discrepancies (Rg»g.sec; Fig. 4). It was
attempted using the Rg values produced here to

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13

estimate the daily FI (DF,% M day ') of doncella
of different sizes, assuming that fish would eat
throughout the day and night (i.e. DF = 24 Rg)
and compare these estimates with those produced
in a parallel study on cannibalism. At all sizes, the
DF estimates of fish fed Artemia nauplii were lower
than those of cannibals. However, cannibals gen-
erally consume very large prey and tend to replen-
ish to a greater extent than fish feeding on small
prey. The Rg of doncella larvae depends on FI (see
above), and so it is possible that the difference
between the two methods originated from different
meal sizes. To test for this, DF data for fish feeding
on Artemia were transformed, using the multiple-
regression model above, as if the fish examined
here had fed maximally (using the models of FI
against M given in the previous section and shown
in Fig. 2). These maximal estimates fell just above
those obtained during the study of cannibals
(Fig. 4).

Discussion

Methodological aspects

Validation tests indicated that the method could be
accurate, consistent and repeatable for measuring
the FI and gastric evacuation rate of doncella fed
Artemia nauplii. The method is inexpensive, ready-
to-use in every laboratory and it leaves no residues.
‘Samples’ are in electronic format, thereby involving
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Figure 3 Decline of gut content volume (Vg) in doncella larvae of different ages (days after hatching, dah; fish size

and mass in Table 1) fed a single meal. Symbols and error bars are the means and standard deviations of five to
eight fish. Closed and open symbols refer to fish studied with the individual and group protocols respectively. For
the sake of clarity, only the upper or lower half of each error bar is shown, in opposite directions for the two proto-

cols. The slopes of gut evacuation models and statistics are given in Table 1.

no additional cost or problem for storage or transfer.
It is a non-destructive method, which enables the
repeated examination of the same individual fish
(although with some size limitations) and opens
interesting perspectives for testing between-individ-
ual variability during the ontogeny.

At first sight, the in-depth analysis of photo-
graphs might look excessively tedious, but it took
no more than 5-10 min, which is not longer than
performing micro-dissection and counting. This
time might be shorter if the gut content was con-

toured automatically instead of manually, at least
for recently ingested meals. For meals in advanced
digestion stage, automatic contouring was evalu-
ated, but judged unsatisfactory in retrospect, as it
almost systematically included parts of the gut
that had been stained by Artemia pigments, but
were obviously empty. This is the main reason
why hand-drawn contours were used throughout
this study, for the sake of consistency. Measure-
ment is more accurate and can be obtained faster
when photographs are sharp and well contrasted,

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13
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Figure 4 Size-dependent variation of gut evacuation
rate (Rg, left vertical axis) and daily food ration (DF,
right vertical axis) in doncella larvae fed a single meal.
Open circles are the values of Rg corrected for 28.5°C
(Table 1). Closed circles correspond to data further
transformed to mimic situations where fish would have
fed maximally, using the models of maximum meal size
against fish size (Fig. 2) and the stepwise multiple-
regression model between meal size, fish mass and Rg
given in the text. The lower and upper curves were
produced with third and second order polynomials (R*
of 0.975 and 0.991, respectively, P < 0.0001 for both
models). Grey squares are measures of DF in cannibal-
istic larvae of doncella (n = 18) in a parallel study (E.
Baras and D.V. Silva del Aguila, unpublished data).

which is the case when using both transmitted
and reflected illumination (i.e. light from under
and above, respectively). Sharpness is less depen-
dent on the resolution of the digital camera than
on the size of its LCD screen.

When performed by an experienced operator,
the inaccuracy of the method for measuring FI
was always <5% for any individual fish, which is
similar to or better than other methods for fish lar-
vae (review in Conceicdo et al. 2007). It cannot be
claimed that the accuracy was equally high for
gut contents in an advanced digestion stage, for
which there was no absolute reference to compare
with in this study. However, the very high r? val-
ues that were obtained when calculating the Rg of
individual fish suggest that these estimates were
not aberrant. Likewise, the consistency between
the gut content estimates of the same individuals
at different times before the start of defecation
empirically supports the relevance of the models

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13

used for back-calculating the volumes of stomach
and intestine contents.

The main limitations of the method refer to its
incapacity of analysing fish that feed continuously
(see below) and to species-specific limitations
related to pigmentation. In doncella, the upper size
for the measurement of FI was about 18 mm SL
(60-70 mg), which nevertheless enabled docu-
menting most of the larval stage in this species. In
contrast, for measuring Rg in individual fish, the
limit was about 9 mm SL (8-10 mg), which leaves
the bulk of the larval stage unexplored. Based on
the authors’ experience, the upper size limits for
measuring the FI and Rg of individual fish vary
substantially between species. In particular, the
possibility of analysing non-anaesthetized animals
depends not only on morphological factors but
also on fish behaviour. The individual protocol
was successfully evaluated in larvae of the char-
acid Piaractus brachypomus Cuvier as large as
10 mm SL (about 15 mg), and in those of the
cobitid Chromobotia macracanthus Bleeker (up to
12 mm SL and 40 mg; E. Baras and collaborators,
unpublished data). In contrast, in the sharptooth
catfish Clarias gariepinus Burchell and vundu cat-
fish Heterobranchus longifilis Valenciennes (both
from the family Clariidae), the lateral body wall of
larvae becomes pigmented at a young age and
small size (8—9 mm SL) and the gut content can-
not be observed unless the fish is in dorsal recum-
bent  position, which makes anaesthesia
indispensable. For species sharing these morpho-
logical traits, alternative ways of observation
might be worth evaluating, for example, taking
photographs from below of live fish held in trans-
parent containers on a glass table.

Ontogenetic variation of food intake

The maximal FI of doncella larvae amounted to
20-21% of their wet body mass. Similar high
degrees of gut fullness have been reported in lar-
vae of other species: e.g. 20% in walleye Sander
vitreus (L.) (Johnston 1999) and spotted seatrout
Cynoscion nebulosus (Cuvier) (Wuenschel & Werner
2004); 25-30% in the striped catfish Pangasian-
odon hypophthalmus (Sauvage) (Slembrouck, Baras,
Subagja, Hung & Legendre 2009). The meal sizes
observed here in larvae of 10-15 mm SL are also
consistent with the knowledge on cannibalistic
doncella, which frequently ingest prey as large as
20-25% M at 8-15 mm SL, but were occasionally
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found to ingest much larger prey (up to 32% M; E.
Baras and D.V. Silva del Aguila, unpublished
data). This difference can probably be accounted
for by the mechanisms that regulate FI in fish (for
a review, see Houlihan, Boujard & Jobling 2001).
Appetite in fish is depressed by the degree of gut
fullness (Laurence 1971; Bromley 1994; Jobling
1994). Hence, fish that feed on small food items or
prey generally halt foraging at a particular degree
of stomach fullness or distension, which might be
below their maximal capacities of ingesting food.
In contrast, for cannibals eating very large prey,
the threshold degree of gut fullness that depresses
appetite might be passed after a single prey is
ingested.

The rapid increase in maximal meal size during
the early larval stage of doncella coincides with a
period of marked allometric growth. From 4.5 to
12 mm SL, the body depth of doncella passes from
14 to 21% SL (+57%), and body width follows a
similar trajectory. During this interval, the length
of the body cavity relative to fish size increases by
22%. The volume of the body cavity relative to
fish volume is thus about three times larger at
12 mm SL than at 4.5 mm SL. This is about the
ratio between the maximal meal sizes of these fish.
Similar rapid increases of relative meal size have
been reported in growing larvae of several fish spe-
cies, but they were rarely equated with growth all-
ometries (e.g. vendace Coregonus albula L.,
Karjalainen & Viljanen 1992; gilthead seabream
Sparus aurata (L.) and Senegal sole Solea senegalen-
sis (Kaup), Parra & Yufera 2001; spotted seatrout,
Wuenschel & Werner 2004). In general, beyond a
certain fish size, the relative meal size decreases in
fish of increasing size, as the developing muscles
increasingly restrict the distension of the abdomi-
nal region. This was not observed in doncella, but
the size range under scrutiny here was probably
too narrow to show this.

Ontogenetic variation of gut evacuation and daily
food ration

At all ages, Rg in doncella followed a curvilinear
trajectory that could be fitted well by an exponen-
tial model. This contrasts with the situation
observed in many fish species, especially those
hatching from small eggs, where there is a two-
step dynamics, with a linear evacuation in young
larvae, and a different (exponential or square root)
trajectory thereafter (Govoni, Boehlert & Watanabe
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1986). The transition between the two modes is
generally abrupt and often coincides with gut coil-
ing. The eggs and larvae of doncella are quite
small on freshwater fish standards, especially by
reference to other catfishes of interest to aquacul-
ture. Nevertheless, their gut becomes coiled and
their pylorus is well developed at a young age (48
hah), before the start of exogenous feeding. This
might account for the consistency of their Rg pat-
terns throughout this study.

The Rg rate increased rapidly in young doncella
larvae of increasing size; it peaked at 9 mm SL
then and decreased slightly in larger fish. Similar
dome-shaped trajectories have been reported in
other fish species, and variation in gut residence
time was frequently invoked as the main factor
behind this pattern (e.g. several marine fish spe-
cies, Houde & Schekter 1981; vendace and several
European cyprinids, Marmulla & Résch 1990; Tro-
schel & Rosch 1991; spotted seatrout, Wuenschel
& Werner 2004; sharptooth catfish, Garcia-Ortega
et al. 2010). The rapid increase in Rg rate in
young larvae of doncella probably reflected the
development of stomach enzymes and muscles,
which facilitated the degradation of nauplii and
their passage into the intestine. This interpretation
was empirically supported by the increasing ampli-
tude of stomach contractions and greater state of
digestion of nauplii in the foregut of fish of
increasing size. The decrease of the Rg rate in fish
larger than 9 mm SL probably corresponds to a
combination of slower metabolism and increased
gut coiling in fish of increasing size. Similar argu-
ments have been proposed by other authors to
account for increased gut residence time in fish of
increasing size (Govoni et al. 1986; Yamashita &
Bailey 1989; Wuenschel & Werner 2004).

It is generally assumed that the daily FI cannot
be inferred from Rg rates measured in fish fed dis-
continuously, as food passes more rapidly through
the gut when fish are fed continuously (Werner &
Blaxter 1980; Ruggerone 1989; Bromley 1994;
Canino & Bailey 1995; Wuenschel & Werner
2004; Garcia-Ortega et al. 2010). The estimates of
daily FI that were obtained here after a straight
extrapolation over 24 h of the Rg measured dur-
ing discontinuous feeding trials were nevertheless
close to those obtained during parallel experiments
on the daily FI of cannibalistic doncella. There
might be several reasons for this. Sensu stricto,
cannibals do not feed continuously, especially if
they feed on large prey. There is a physical impos-

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13
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sibility for a cannibal to ingest another large prey
before the previous one has been processed and
passes into the intestine. On average, cannibals of
doncella (5-10 mg) that (supposedly) fed maxi-
mally, consumed a prey every 2-3 h (for prey as
large as 15-25% of their body mass; E. Baras and
D.V. Silva del Aguila, unpublished data). This was
about the same time as the 2-h period used for
and this might
account for why the estimates obtained with the
two methods did not differ substantially.

measuring Rg in this study,

Implications for the larviculture of doncella

This study partly accounted for why growth dis-
persal, which generally triggers or facilitates can-
nibalism (reviews in Kubitza & Lovshin 1999;
Baras & Jobling 2002), is so frequent among don-
cella larvae. The variations in meal size, Rg rate
and daily FI are very high during the early larval
stages of doncella. In general, such large differ-
ences produce different growth rates, to the benefit
of the largest fish. Early size differences are thus
prone to amplify genuinely and facilitate cannibal-
ism, even if young doncella are fed adequately.
This is more likely to occur if food is quantita-
tively, spatially or temporally restricted, as food
shortage is the first environmental factor behind
growth depensation in fish (Kestemont, Jourdan,
Houbart, Meélard, Paspatis, Fontaine, Cuvier,
Kentouri & Baras 2003). The latter issue can be
alleviated by the information on the ontogenetic
variation of meal size and Rg rate that is presented
here.

Based on Rg values, it is suggested that larvae
of doncella raised at 28°C be fed about every 2.5—
3.0 h, and more frequently at warmer tempera-
tures. At least, this frequency would maximize FI
and growth, possibly to the expense of food con-
version, as assimilation is generally proportional to
gut residence time, especially in young larvae with
incomplete enzyme development (Parra & Yufera
2001). Longer meal intervals would be worth test-
ing for improving food conversion if growth is not
a premium, but their possible benefits should be
equated with lower survival, as cannibalism is
likely to increase in these circumstances.

Not all fish fed maximally during this study.
Appetite is modulated by internal and environ-
mental factors, and so the average FI might be
lower or higher in other circumstances. However,
for the same type of prey, it is probably not higher

© 2011 Blackwell Publishing Ltd, Aquaculture Research, 1-13

than the maximal meal size documented during
this study, which might serve as a basis for future
feeding charts in doncella larviculture. It is not
claimed, however, that this food ration would suf-
fice to maximize the FI and growth of doncella lar-
vae, as the motivation to feed also depends on
prey density. Additional experiments are needed to
investigate the relationships between fish density,
prey density and meal size (see a possible design in
Slembrouck et al. 2009), and define the solutions
that are best adapted to the particular objectives
and constraints of the production (fast growth,
low size homogeneity, high survival, low produc-
tion cost of larva, etc.).
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