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Abstract.—The suitability of acid-insoluble ash as a
marker in digestive efficiency studies with the lemon
shark (Negaprion brevirostris) was investigated. Acid-
insoluble ash concentration in the experimental diet was
increased by adding celite (diatomaceous earth). Acid-
insoluble ash was palatable to test animals, mixed ho-
mogeneously within the experimental diet, could be eas-
ily and precisely quantified in feces and food, and was
not produced by lemon sharks. However, acid-insoluble
ash content in feces was significantly lower during the
first 24 h of fecal production than during subsequent
collection periods, and the marker may not have re-
mained uniformly mixed in digesta. Differential passage
rates for this marker and food may influence estimates
of absorption efficiency. Passage rate of acid-insoluble
ash should be investigated in future studies of digestive
efficiency when this marker is used.

The ability of an animal to digest and absorb
nutrients from food is among the most important
variables measured in studies of fish energetics.
Measuring this ability is fundamental to under-
standing growth of both cultured and wild fishes
(Gerking 1955; Talbot 1985). A conventional ap-
proach to measuring digestive efficiency is to col-
lect all the fecal material produced after con-
sumption of a known amount of food. However,
the difficulty encountered and time required to use
this method have led to use of inert markers in
food. Quantitative feeding and fecal collection are
not essential when a marker is used, and fish can
live undisturbed under normal culture conditions
(Austreng 1978; Talbot 1985). In addition, use of
a marker reduces the cost of digestibility studies,
makes them more convenient, and may improve
the accuracy of digestive efficiency measurements
(Nose 1967; Kotb and Luckey 1972). Markers may
prove especially convenient for studies with large
animals such as sharks, because large quantities
of water, food, and feces are involved, and because
these animals retain food in their digestive tracts
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for prolonged periods of time (Wetherbee et al.
1987; Wetherbee and Gruber 1990},

To be an effective marker, a substance must be
palatable, homogeneously distributed within food,
and readily measured, and it must have physical
properties that make it discernible throughout the
digestive process (Kotb and Luckey 1972; Papas
et al. 1973). A marker must also be inert and non-
toxic; it must not be digested, absorbed or pro-
duced by the animal; it must not affect digestive
processes within the alimentary tract; and it must
remain intimately mixed with digesta (Schneider
and Flatt 1975; De Silva 1985). The most com-
monly used marker in fish studies has been chro-
mic oxide (Cr,03) (Jobling 1983). However, use
of CryQ3 is restricted to specially formulated diets,
and Cr,O3 has been found to pass through the
digestive tract at a rate different from that of food
in a number of fish (Bowen 1978; Kaushik and
Teles 1985; Lorico-Querijero and Chiu 1989).
Other substances used as markers include silica,
cellulose, hydrolysis-resistant (or acid-insoluble)
organic matter, and hydrolysis-resistant ash (De
Silva 1985; Pandian and Marian 1985). Budding-
ton (1980) and De Silva (1985) concluded that
hydrolysis-resistant organic matter was the pre-
ferred internal marker for digestibility studies with
fish. However, there is still some uncertainty about
the use of this marker because it is composed pri-
marily of chitin and cellulose, and the digestive
tracts of some fish are thought to possess chitinase
or cellulase activity (Bowen 1981; Cowey 1981).

Acid-insoluble ash (AIA) is the mineral ash
component occurring in diets that is insoluble in
vigorous acid digestion. It is invulnerable to en-
zymatic hydrolysis and has been used in absorp-
tion efficiency studies with pigs (McCarthy et al.
1974), poultry (Vogtman et al. 1975), ruminants
(Van Keulen and Young 1977), and more recently
with fishes (Bowen 1981; De Silva and Perera 1983;
Schmitz et al. 1983). The concentration of AIA in
food can be increased above the naturally occur-
ring level by adding celite (diatomaceous earth;
Atkinson et al. 1984). Use of AIA as a marker has
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resulted in the determination of absorption effi-
ciencies that were similar to estimates obtained
by the collection of all feces resulting from a meal
(McCarthy et al. 1974; Van Keulen and Young
1977; Thonney 1981; Atkinson et al. 1984). How-
ever, Buddington (1980) questioned the reliability
of using AIA as a marker because ash was ab-
sorbed in the digestive tracts of fish. De Silva and
Perera (1983) reported high variability in esti-
mates of absorption efficiency using AIA and re-
covery of greater than 100% ash in feces.

In this study, acid-insoluble ash was used as a
reference substance for determining the effects of
ration level on absorption efficiency for the lemon
shark (Negaprion brevirostris). Our objective was
to determine the suitability of AIA for use as an
inert marker by examining the palatability of ex-
perimental diets containing AIA, the homogeneity
of AIA in test diets, and the precision and accu-
racy of AIA analyses. Passage rate of AIA in re-
lation to food and production of AIA in the di-
gestive tracts of lemon sharks were also
investigated.

Methods

Eight lemon sharks (66-74 cm long, 1.6-2.1 kg),
collected and maintained in the laboratory as de-
scribed by Wetherbee and Gruber (1990), were
used in the experiments. Experimental diets were
prepared by mixing 200 g skinless blue runner
(Caranx crysos) filet, 50 mL distilled water, and
2 g celite for AIA enrichment in a food processor;
7 g agar was used as a binder. Sharks were held
separately in compartments (48 x 66 x 230 cm,
600 L) in a 4,800-L aquarium and fed preweighed
amounts of food at levels 0f 2.0, 1.7, 3.4, 2.6, and
4.3% body weight per day, in that order, as de-
scribed by Wetherbee and Gruber (1993). To ex-
amine the consistency of AIA content in food,
subsamples were taken from various locations
within each food mixture and the AIA contents
were analyzed. To determine whether AIA oc-
curred naturally in blue runner, AIA contents of
filets were determined after the filets had been dried
and ground into a homogeneous powder.

Feces resulting from experimental diets were re-
moved from water in compartments with a short
basting tube and a hand-operated bulb. The fecal
samples were centrifuged for 5 min at 3,000 rev-
olutions/min, and water was decanted and dis-
carded. Feces produced by an individual shark
were continuously pooled during 24-h collection
periods. Feces in centrifuge tubes were dried for
72 h in a drying oven at 60°C. Dried feces were
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ground to a fine powder with a Wiley mill (20 U.S.
mesh), and energy and AIA content were mea-
sured in duplicate for fecal material from each
24-h collection period.

Acid-insoluble ash content was determined by
ashing approximately 2 g of food or fecal sample
in a muffle furnace for 16 h at 550°C. The resulting
ash was boiled in 75 mL of 2 M HCI for 5 min
and filtered through ashless filter paper (94 grade);
the residue was washed with boiling distilled wa-
ter. The filter paper and residue were ashed for 16
h at 550°C, and the resulting material was regard-
ed as AIA (Atkinson et al. 1984). Mean values of
AIA content in food and feces for each feeding
level were compared with analysis of variance
(ANOVA,; Sokal and Rohlf 1981). Average ATA
contents of feces collected during each 24-h col-
lection period within feeding trials were compared
to detect changes in AIA concentration in fecal
matter over time.

Energy content of samples was determined with
a Parr semimicro oxygen bomb calorimeter (Parr
Instrument Co. 1981). Absorption efficiency was
calculated for each shark at each ration directly
by the total fecal collection method:

Ei — Ee_

100 ;
E;

E; and E, are the amounts of energy ingested and
egested, respectively.

Absorption efficiency was also calculated by the
indirect method based on the concentration of en-
ergy and AIA in food and feces:

0, —
100 (1 _ %AIAg [Efsl)

%AIAg — [Egl
[E] is energy concentration, fd denotes food, and
fs denotes feces.

To ascertain whether AIA residue occurred in
digestive tracts of lemon sharks, the sharks were
fed a meal of blue runner filets at the conclusion
of the final feeding trial and the AIA contents of
resultant feces were determined. Loss of AIA due
to processing was estimated by comparing the
initial weight of a celite sample with the weight
recovered after ashing, filtering, washing, and ash-
ing.

s

Results
Lemon sharks were immediately attracted to and
readily consumed the agar-bound cubes of food
containing AIA. There was no difference in the
feeding and general behavior of test animals when
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TasBLE 1.—Comparison of average (=SD) percent acid-
insoluble ash in fecal material collected during three 24-h
periods for lemon sharks fed at five ration levels (BW is
body weight), and average percentages for pooled ration
levels.

% acid-insoluble ash

i o P-value

Ration in feces during: (ANO-
(%BW/d) 1st24h  2nd24h 3rd24h VA)
1.7 63+12 67x11 73+12 0.28
2.0 61+13 72+13 63+14 0.96
2.6 3816 64+22 5118 0.09
34 72+24 98=*25 84%1.7 0.90
4.3 5820 56x23 97+22 0.06
Mean for24h 5920 7.1+%£24 7521 0.02

they were fed the experimental diet and when they
were fed blue runner filets. The concentration of
AIA in subsamples of food taken from various
locations within food mixtures used for each ra-
tion level did not differ significantly between sub-
samples (N = 4, P = 0.756). It was possible to
measure the concentration of AIA in relatively
large numbers of food and fecal samples with a
minimum of effort and equipment.

In a control study to examine the magnitude of
AIA loss during analysis, an average of 99.7% (SD,
0.08; N = 7) of celite was recovered following the
initial ashing of known quantities of celite. An
average of 98.4% (£0.48) of celite was recovered
after the remaining filtering, washing, and ashing
procedures, indicating only 1.6% loss of AIA due
to analytical processing.

Replicate determinations of %AIA in fecal sam-
ples did not differ significantly (paired ¢-test, P =
0.382, N = 56). Blue runner filets contained only
minute quantities of AIA (0.18%) and feces of
sharks fed blue runner filets also contained very
little AIA (0.30%), indicating that there was no
marker residue in digestive tracts and that AIA
was not produced by lemon sharks.

Although the concentration of AIA in feces
tended to be lowest during the first 24-h collection
period, it did not differ significantly (P > 0.05)
between 24-h collection periods within any of the
feeding trials (Table 1). However, when %AIA
values for all rations were pooled for each collec-
tion period, %AIA in feces collected during the
first 24 h was significantly lower than in feces col-
lected during the following 48 h (Table 1). This
variation in %AIA resulted in variable calculated

~ absorption efficiencies among collection periods,
although the differences were not significant (P =
0.185). Thus, estimates of absorption efficiency
were not influenced by time of fecal collection.
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TaABLE 2.—Average (+SD) absorption efficiencies of
energy for lemon sharks fed at five ration levels (BW is
body weight) based on the total collection of all feces
produced from a meal and average values based on the
indirect method in which acid-insoluble ash is used as
a marker.

Ration Total Acid-insoluble
(%BW/d) collection ash marker
1.7 98.9 + 0.5 66.5 £ 3.3
2.0 98.7 £ 0.7 61.9 £ 43
2.6 98.8 + 0.3 83.1 + 3.3
3.4 99.3+03 71.0 = 3.0
4.3 99.4 £ 0.2 74.6 + 3.2

Absorption efficiencies determined by the indirect
marker method during each collection period were
pooled and are shown in Table 2.

Estimates of absorption efficiency based on the
total collection of feces approached 100% for lem-
on sharks at all rations (Table 2). These elevated
values suggest that complete collection of all feces
resulting from meals was not accomplished.
Therefore, accuracy of absorption efficiencies cal-
culated by the indirect marker method could not
be evaluated against efficiencies determined by the
“total” collection of feces.

Discussion

Food containing AJA in the form of celite is
palatable and does not seem to affect the behavior
of test animals. This is an especially important
consideration for sharks and other large carnivo-
rous fishes, which are difficult to maintain and
feed in captivity (Gruber and Keyes 1981). The
ease with which celite may be uniformly mixed in
food was demonstrated by the similarity of AIA
content in replicate samples of the experimental
diet in this study.

The consistency of AIA concentration in rep-
licate analysis of fecal samples, and the very small
loss of AIA during ashing, treatment with HCI,
and filtering demonstrated that % AIA may be pre-
cisely and accurately determined in digestive ef-
ficiency studies. Little effort is required to quantify
AIA in comparison to procedures for other mark-
ers such as Cr,Oj, crude fiber, and hydrolysis-
resistant organic matter (Furukawa and Tsuka-
hara 1966; Buddington 1980; De Silva 1985).

Use of a marker that occurs naturally in the diet
of test animals is desirable because such a marker
is less likely to affect the digestive physiology of
the animal (Talbot 1985). The presence of AIA in
blue runner filets confirms that AIA (unlike mark-
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ers such as Cr,O3) is a naturally occurring com-
ponent of the diet of the lemon shark. Although
AJA was present in blue runner filets, the small
quantity (0.18%) was not sufficient for reliable es-
timates of absorption efficiency. Therefore, AIA
was added to experimental diets in the form of
celite and %AIA in experimental food included
celite and a small amount of naturally occurring
AlA.

The finding that only minute quantities of ATA
(comparable to %AIA in blue runner filets) were
detected in feces collected from lemon sharks fed
only blue runner filets suggests that the source of
the AIA in these feces was blue runner, and that
AIA is not produced by lemon sharks. The small
quantity of AIA in postexperimental feces also
indicates that no marker residue remained in the
digestive tracts of sharks after other fecal matter
had been egested.

Because lemon sharks are relatively large ani-
mals, they must be kept in large volumes of water,
and large amounts of food and feces are involved
in studies of their digestive efficiency. The diffi-
culty of collecting all feces produced by lemon
sharks in our study was demonstrated by the un-
realistically high values of absorption efficiency
obtained by the total collection method. A major
goal of our study was to observe the effects of
ration level on absorption efficiency. Although the
effects of ration level on absorption efficiency were
revealed by use of the indirect method with AIA
as a reference substance, they were not evident
among the efficiencies calculated from the total
collection method. These findings demonstrate
some of the obstacles that must be overcome in
collecting all feces produced from a meal and il-
lustrate the usefulness of an indirect marker such
as AIA.

However, the observation that AIA did not rep-
resent a constant proportion of fecal matter
throughout the time that feces were sampled in-
dicates that AIA may not have remained uniform-
ly mixed with digesta. When AIA is used as a
marker, indirect calculation of absorption efficien-
cies may vary depending on the time after a meal
that fecal samples are collected. Although absorp-
tion efficiencies for lemon sharks did not depend
on hour of fecal collection, the concentration of
AIA in feces did vary with time, and differential
passage of AIA and food may occur in future stud-
ies that incorporate this marker. Differential pas-
sage of food and other commonly used markers
such as Cr,O3 (Bowen 1978) is one of the main
reasons why researchers have investigated the
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suitability of other substances as inert markers.
This limitation may also apply to AIA.

The results of this study demonstrate that AIA
offers several advantages over other reference sub-
stances commonly chosen for use in measurement
of digestive efficiency. The benefits of using mark-
ers in digestive efficiency studies of large animals
such as the lemon shark warrant the continued
use of inert markers. However, a possible draw-
back to the use of AIA is that the marker may not
remain uniformly mixed with food throughout the
digestive process and variable estimates of ab-
sorption efficiency may result. Future digestive ef-
ficiency studies in which AIA is used as an inert
marker should include investigation of differential
passage of AIA and food and evaluation of the
effects on absorption efficiency calculations that
differential passage could cause.
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