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Abstract.

The present study examined the digestibility of eelgrass based on dry weight and energy

by captive dugongs Dugong dugon in relation to the nutritional content of the eelgrass and the feeding
parameters of the dugongs. Digestibility was calculated on the basis that food retention by captive
dugongs is 144-168 hours. Digestibility of eelgrass was strongly affected by the lignin content of the
eelgrass species concerned, with a negative correlation between the apparent digestibility of a species
and its lignin content. Since fiber contents are higher in seagrasses, including eelgrasses, than in
terrestrial plants on which mammalian herbivores typically feed, the apparent digestibility reported
from captive dugongs in the present study indicate that eelgrass may have an extraordinarily high

digestibility.
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Dugongs Dugong dugon, a member of the sirenians, are
found throughout subtropical and tropical waters of
the Pacific and Indian Oceans (Bertram and Bertram
1973). They are one of the only surviving truly herbivo-
rous marine mammals and feed mainly on seagrasses
belonging to the Cymodoceae, the Hydrocharitaceae,
the Potamogetonaceae and the Zosteraceae (Heinsohn
and Birch 1972; Johnstone and Hudson 1981; Marsh et
al. 1982; Erftemeijer et al. 1993; Aketa and Kawamura
2001). The seagrasses on which dugongs feed contain a
higher proportion of fiber than the terrestrial plants con-
sumed by terrestrial herbivores (Aketa et al. 2001).
Several studies on dugong and West Indian manatee
Trichechus manatus digestion have been conducted,
however, those by Murray et al. (1977), Best (1981),
and Burn (1986) were based on analyses of the gastro-
intestinal contents of dead sirenians, whereas those of
Lomolino and Ewel (1984), Aketa and Kawamura
(2001), Aketa et al. (2001), and Aketa (2003) involved
measurements of seagrass digestibility by live West
Indian manatee and captive dugong. Aketa et al. (2001)

clarified that there was no significant difference between
male and female dugongs in terms of their capacity to
digest seagrass (averaging 85-86%). These studies indi-
cated that digestibility by dugongs, and perhaps by other
sirenians too, may be higher than any among terrestrial
herbivores such as the horse 42.3% (Udén and Van Soest
1982).

It has long been known that the nutritional content of
seagrasses changes in relation to their habitat and their
growth (e.g. Harrison and Mann 1975; Ogawa and
Sensyu 1986). Aketa et al. (2001), however, did not
examine temporal changes in the apparent digestibility
of seagrasses among captive dugongs, and information on
temporal variation in the apparent digestibility of sea-
grasses among captive sirenians, and information on
how sirenian feeding parameters affect digestibility, are
generally lacking. Previous studies on temporal changes
in apparent digestibility among terrestrial herbivorous
mammals (Aagnes et al. 1995, 1996), indicate that
digestibility among dugongs may also change season-
ally, which may correspond with variation in the
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nutritional content of seagrasses, and with dugong
physiological conditions such as age, sex, and reproduc-
tive status.

We examined temporal changes in the apparent digest-
ibility of seagrass among captive dugongs, in relation to
the nutritional content of seagrass and to dugong feeding
parameters perhaps affecting the apparent digestibility of
seagrass, based on re-analyses of the data obtained by
Aketa et al. (2001).

Materials and methods

Experimental animals

Two dugongs, one female and one male, are kept at
the Toba Aquarium (Mie, Japan) (Table 1), in separate
pools (female: 9 x 3.5 x 3.2 m, male: 10 x 6.5 x 3.2 m).
The female dugong has been in captivity for 10 years and
the male for 21 years. Their body sizes and the length of
their periods in captivity (Table 1), indicate that they
are sexually mature (Marsh et al. 1984; Nishiwaki and
Marsh 1985). According to Wakai et al. (2002), who
studied the hormonal levels of the female dugong at
Toba Aquarium from 1996 to 1998, the ovarian cycle
takes nearly 50 days. During the present study, neither
temporal variation in feeding parameters nor in digest-
ibility of food indicated a relationship with the physio-
logical condition of the female dugong.

The water temperature in the dugong pools was main-
tained at 28-30°C throughout the present study; salinity
was not controlled but remained at 27.0-30.5 PSU.

The dugongs were fed only eelgrass Zostera marina

Mammal Study 28 (2003)

twice a day, in the morning and in the late afternoon,
which they ingested continuously for up to two hours.
The eelgrass was harvested at Moppo, in southwestern
Korea, and transported to the aquarium every 3-5 days.
After arrival, eelgrass was stored at 3—5°C in a refrigera-
tor before being fed to the dugongs.

Measurement of apparent digestibility

During the present study measuring the apparent
digestibility of eelgrass by captive dugongs, the daily
intake weight (DIW) was defined as the dry weight of
eelgrass fed daily to the animals minus the amount of
uneaten eelgrass remaining in their pools the following
morning (see Table 2).

Eelgrass was weighed (ca. 1 kg) after wiping off sur-
face water using blotting paper, and its dry weight was
obtained after drying it for one hour at 100°C. The water
content of eelgrass was calculated as the difference
between the wet and dry weights. Both daily introduced
weight (wet weight) (DIW), and daily intake rate (wet
weight) (DIR (WW)), were recorded every day from
September 1997 to October 1998, while the dry weight
of daily introduced eelgrass (DIE), and the dry weight of
the daily intake rate (DIR (DW)) were recorded every
two weeks during the same period.

Previous studies (Lanyon and Marsh 1995; Kataoka
1997, Kataoka and Asano 1997) have indicated that food
passes through the dugong gut in 144—168 hours, there-
fore we collected all feces excreted during the 24 hours
from 144 to 168 hours after the dugongs were fed. Wet
weights of feces were measured after removing surface

Table 1. Data on two dugongs in captivity at Toba Aquarium.

Sex Body length (cm) Body weight (kg)  Estimated age (yrs.) Kept since
Female 244 345 10 Apr. 15, 1987
Male 257 308 21 Sep. 9, 1979
Table 2. Abbreviation of terminology used in the present study.

Terminology Abbreviation Unit
Daily Intake Weight (dry weight) DIW gDW/day
Daily Intake Energy DIE kcal/day
Daily Intake Rate (dry weight)” DIR (DW) DW%
Daily Intake Rate (wet weight) DIR (WW) WW%
Daily Excreted Weight (dry weight) DEW ¢DW/day
Daily Excreted Energy DEE kcal/day
Apparent Digestibility of Dry Matter™ ADD DW%
Apparent Digestibility of Energy™” ADE cal%

*: DIR (DW) = [DIW/daily introduced weight (dry weight)]*100, **: ADD = [(DIW —
DEW)/DIW]*100, ***: ADE = [(DIE — DEE)/DIE]*100
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water from the feces using blotting paper. Fecal samples
(ca. 300500 g) were frozen at —30°C for later analysis.
The dry weights of feces were measured twice, after dry-
ing for two hours at 100°C and then after drying for two
hours at 80°C. Fecal water content was calculated as the
wet weight minus the dry weight. We used average wet
and dry weights of feces, because the differences of these
duplicate measurements ranged just 0.35-2.55% for the
water content, and from 12.25 to 30.33 g for dry weights,
and did not affect the apparent digestibility. The daily
excreted weight (DEW) was calculated every two weeks
from September 1997 to October 1998.

The energy contents of both the dried eelgrass and
the feces were measured in duplicate using a bomb calo-
rimeter (Shimazu Auto-Calculating Bomb Calorimeter:
CA-4P). We used average energy contents because the
differences between the duplicate measurements ranged
only from 0.23 to 0.81 kcal'gDW-!, and did not affect
digestibility by dugongs. The water and energy contents
of the eelgrass fed to the dugongs were measured once a
week from September 1997 to October 1998, and daily
excreted energy (DEE) was calculated based on the
above measurements.

Following Van Soest et al. (1991), the neutral deter-
gent fiber content (NDF), acid detergent fiber content
and acid detergent lignin content of eelgrass were mea-
sured in duplicate once a month from March to Decem-
ber 1998. Average differences were used because
the duplicate measurements ranged only from 0.30—
0.84%DW. Then, based on these data, proportions of
cellulose, hemicellulose, and lignin were calculated.
The crude protein content of eelgrass was measured in
duplicate following the Kjeldahl method (Morimoto
1971). The crude protein content was also averaged
because the duplicate measurements differed only by
0.21-1.10%DW.

Our measurements were deemed to be of “apparent”
digestibility (based on dry matter (ADD) and energy
(ADE)) in captive dugongs, because we have no infor-
mation on the influence of intestinal bacteria on digest-
ibility in sirenians. ADD and ADE were calculated
every two weeks from September 1997 to October 1998
following Kleiber (1975).

Results

Temporal variation in dugong feeding parameters
There were significant differences between two
periods of the female’s DIW and also between two
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periods of the female’s DIE (Mann-Whitney test, P <
0.05): DIW and DIE were higher for the period from
December 1997 to June 1998 (except for February 1998)
and lower for the other period (Fig. 1). Except for Feb-
ruary, this was also true of male DIW and DIE. Both
DIW and DIE of the female, and probably of the male
too, were apparently reduced in October 1997 and in
February 1998 (Fig. 1). Except DIR (DW, WW) during
October and November 1997, and DIR (DW) in January
and also June 1998, DIR (DW, WW) for the female
and the male remained nearly constant throughout the
present study (Fig. 1). Similar to the temporal variations
in DIW, DIE, and DIR (DW) (Fig. 1), there were signifi-
cant differences between two periods of female DEW
and also between two periods of female DEE (Mann
Whitney test, P < 0.05), those for the period from Novem-
ber 1997 to May 1998 contrasting with those after May
1998 (Fig. 2). The difference between the ratios of the
DEE/DEW of the female and the male were not signifi-
cant (Fig. 2), however, these ratios varied from September
1997 to May 1998, and then remained nearly constant
(Fig. 2). The data on female ADD and ADE may be
divided into two periods, they differed from November
1997 to May 1998, but they remained nearly constant
after May (Mann-Whitney test, P < 0.05) (Fig. 3). This
was also true for male ADD and ADE.

The water and energy contents of the seagrass food
remained nearly constant throughout the present study,
the former being in a range of 86.4-91.6 % while the
latter was in a range of 3.1-3.7 kcall DW~! (Fig. 4). Itis
difficult to detect any temporal trends in either water or
energy contents. The total fiber content (cellulose, hemi-
cellulose and lignin) ranged from 34.1-43.1%DW, and
remained nearly constant throughout the present study
(Fig. 4). Cellulose content ranged from 8.3 to 25.2%DW
while lignin content ranged from 4.8 to 20.2%DW.
Cellulose and lignin contents showed opposing tem-
poral variation, while the hemicellulose content remained
almost constant within the range 7.1-13.9%DW (Fig. 4).
In contrast, the crude protein content gradually decreased
from March to July 1998, and then gradually increased
with a range of 10.6-21.2%DW (Fig. 4). Unfortunately,
we have no data on the above parameters from Septem-
ber 1997 to March 1998, however, the lignin content was
higher for the period from March to May 1998 when
ADD and ADE were lower for both the male and female
dugong, whereas it was lower for the period from June to
October 1998 when ADD and ADE were higher for both
the male and female dugongs.
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Fig. 1. Temporal variations of daily intake weight (DIW, gDW/day), daily intake rate (DIR (WW), WW%; DIR (DW), DW%), and daily intake

energy (DIE, kcal/day), in female and male dugongs in captivity.

In summary, it is difficult to clearly detect any tempo-
ral trends in the above parameters in dugong feeding, as
illustrated in Figs. 1-4.

Relationships among dugong feeding parameters

There were significant correlations between the wet
and dry weights of the food provided daily for both the
male and female dugongs (» = 0.88, » = 19, P < 0.05).
For the female, there were significant correlations
between dry weight of daily introduced weight and DIW,
and between DIW and DIE (» = 0.93 and 0.98, n = 19,
P <0.05). However, there was no significant correlation
between DIR (DW) and DIW, between DIR (DW) and
DIE, between DIE and ADE, between ADD and DIW,

between ADD and DIR (DW), and between ADD and
dry weight of the food provided daily (» = 0.60, 0.61,
0.32,0.33, 0.62 and 0.15, n =19, P > 0.05).

For the male, there were significant correlations
between dry weight of daily introduced weight and
DIW, and between DIW and DIE (r = 0.79 and 0.84,
n =17, P < 0.05). However, there was no correlation
between DIR (DW) and DIW, between DIR (DW) and
DIE, between ADE and DIE, between ADD and DIW,
between ADD and DIR (DW), and between ADD and
the dry weight of the food provided daily (» = 0.31,
0.24,0.04,0.11, 0.46 and 0.40, n =17, P> 0.05).

In summarizing, neither ADD nor ADE of both the
male and female dugongs seemed to be strongly affected
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Fig. 2. Temporal variations of daily excreted weight (DEW, gDW/day), daily excreted energy (DEE, kcal/day), and DEE/DEW ratio, in female

and male dugongs in captivity.

by either daily introduced weight, DIW, DIR and DIE.
However, there was no significant correlation between
ADD in either the male or female and the NDF content
of eelgrass, between those and the cellulose content of
eelgrass, or between those and the hemicellulose content
of eelgrass (female: » = —0.13, —0.24 and 0.01; male:
r=0.10, 0.68 and —0.17, n = 7, P > 0.05). There was
also no significant correlation between ADD in either
the female or the male and the crude protein content of
eelgrass (» = —0.48 and —0.34, n = 7, P > 0.05). There
was also no significant correlation between ADE in
either the female or the male and the NDF content of
eelgrass, between those and the cellulose content of eel-
grass, between those and the hemicellulose content of
eelgrass, and between those and the crude protein content
of eelgrass (female: » = —0.22, 0.57, —0.07 and —0.49;

male: » = 0.20, —0.24, —0.01 and 0.24, n = 7, P > 0.05).
However, there were significant correlations between
ADD and ADE in both the male and female and the
lignin content of eelgrass (female: » = —0.81 and —0.84;
male: »=-0.75 and —0.73, n="17, P <0.05).

In summary, both ADD and ADE in male and female
dugongs may be affected strongly by the lignin contents
of eelgrass.

Discussion

Several studies have been made of the apparent digest-
ibility of food by sirenians, based on digestive tract
analyses of dead individuals (Murray et al. 1977; Burn
1986) and on the food and feces of live individuals
held in aquarium (Best 1981; Lomolino and Ewel 1984).
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Fig. 3. Temporal variations of the apparent digestibilities based on dry matter (ADD, %) and energy (ADE, %), in female and male dugongs in

captivity.

Lomolino and Ewel (1984) measured the apparent
digestibility of water hyacinths Eichhornia crassipes and
lettuce Lactuca lactuca in a West Indian manatee, based
on fecal sampling for 24 hours from 146 to 170 hours
after ingestion. They assumed that 146—170 hours was
the food retention time of water hyacinths within the
manatee digestive tracts based on the variation in the
water hyacinth content of feces during the days after
ingestion. Later studies, following Lomolino and Ewel
(1984), have also estimated the food retention time of
seagrass within the digestive tracts of dugongs to be
144-168 hours (e.g. Lanyon and Marsh 1995; Kataoka
1997; Kataoka and Asano 1997), based on the through-
put of inert plastic markers and of indigestible plant
material. We have no data on differences in food reten-
tion times in relation to dugong gender or season, so
ignoring any possible differences we have assumed that
the food retention time for captive dugongs was also
144-168 hours in this present study. ADD and ADE,
calculated based on a food retention time with a range of
120-198 hours did not vary significantly.

The apparent digestibility exhibited by herbivorous

mammals changes depending on the quantity and quality
of their food (Robbins 1993; Aagnes et al. 1995, 1996).
Daily food intake is determined by environmental factors
such as temperature, day length, and food abundance
(Mortensen and Blix 1989; Lager et al. 1994), as well as
physiological factors such as growth, and reproduction
(Kastelein et al. 1993, 1995). In the present study, envi-
ronmental factors such as water temperature and salinity,
as well as eelgrass quality, were the same for the male
and the female. However, DIW and DIE in both the
male and the female, as well as ADD and ADE, showed
a pronounced temporal variation. Reproducibility of this
trait needs to be checked in future work.

In the present study, there was a negative correlation
between the lignin content of eelgrass and the apparent
digestibility of eelgrass by captive dugongs. The lignin
content of eelgrass may be one of the important factors
affecting the apparent digestibility by dugongs, and this
may also be true of the foods of other herbivorous
mammals.

In general, herbivores show higher apparent digestibil-
ity of low fiber content such as cellulose than high fiber
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Fig. 4. Temporal variations of water (%), energy (kcal-gDW), fibers (cellulose, hemicellulose, lignin, %DW) and crude protein (%DW) con-

tents of eelgrasses introduced to female and male dugongs in captivity.

content such as lignin, which is one of the major compo-
nents of fiber (Burn 1986). To our knowledge, however,
no herbivorous mammal can digest lignin, even when
aided by intestinal bacteria (Newsholme and Start 1973;
Thayer et al. 1984), thus the lignin content is one of the
most important factors affecting the apparent digestibil-
ity of seagrasses by herbivores (Burn 1986).

According to Murray et al. (1977), who examined the
contents of the alimentary canal of a dead female dugong
and used lignin as an indigestible marker, apparent
digestibilities were estimated to be 70% for nitrogen,
63% for phosphorus, 84% for NDF, and 82% for acid
detergent fiber. As indicated in Aketa et al. (2001) and
also in the present study, the apparent digestibilities

based on dry matter and energy (ADD and ADE) were in
the range of 70.5-95.3% and 69.9-95.8%, respectively.
The digestibility of seagrasses, particularly of their fiber
contents excluding lignin, may be much higher than pre-
viously recorded for the foods of any other herbivorous
mammal, and thus a distinct characteristic of dugongs
(Aketa et al. 2001). Although the nutritional composi-
tion of the eelgrass provided as food for the captive
dugongs in the present study differed from the seagrass
detected in the alimentary canal of the dead female
examined by Murray et al. (1977), fiber contents are
higher in seagrasses, including eelgrasses, than in terres-
trial plants on which mammalian herbivores typically
feed (Thayer et al. 1984). The above facts indicate that
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the captive dugongs in this study may have an extraordi-
narily high capacity to digest eelgrass, even though we
may have underestimated the lignin contents of the food.
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