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ABSTRACT: The objective of this study was to evaluate the potential of near infrared reflectance spec-
troscopy (NIRS) to estimate the botanical composition of seagrass mixtures in the stomach contents of
dugongs more rapidly and cost-effectively than by conventional means. NIRS estimation of dietary com-
position is achieved by developing calibration equations that relate NIR spectra of samples to laboratory-
derived values for botanical composition. Once calibration equations have been developed, these
characteristics can be estimated for further samples from their spectra alone. We developed calibration
equations using samples from the stomachs of 26 dugongs (from a total data set of 128 dugongs) and val-
idated them against a further set of 14 stomach samples. Nine dietary components were identified, 5 of
which made up less than 5 % of the total diet. Acceptable calibrations were obtained for the major com-
ponents of dugong diets: seagrass rhizomes (pooled across all species) and the leaves of the seagrasses
Thalassia hemprichii, Syringodium isoetifolium and Cymodocea species. We did not attain satisfactory
calibrations for minor (<10 %) dietary components. NIRS is a valid method for obtaining rapid in-
formation on the main components of the dugong diet. With larger calibration sets and fresh samples it
should also be able to provide information on minor dietary components. NIRS is applicable to dietary
studies of marine herbivores and should thus be of value to marine ecologists generally.
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INTRODUCTION

Dugongs are large marine herbivores that feed
almost solely on seagrasses (Marsh et al. 1982). Their
ecology is thus intimately tied to their use of the avail-
able seagrass resources and this had led to several
studies of their diets, based largely on sorting samples
of the stomach contents into the different botanical
species based on their appearance under a microscope
(Heinsohn & Birch 1972, Marsh et al. 1982, Erftemeijer
et al. 1993). These techniques are laborious and time-
consuming, taking up to 1.5 d per sample. When large
numbers of stomach contents have to be analysed, the
time and cost of conventional methods may become
limiting and thereby prohibit the complete analysis of
these data sets and thus, faster alternative techniques
would be invaluable. Near infrared reflectance spec-
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troscopy (NIRS) is one such method, as it allows the
holistic investigation of the composition of organic
samples in a rapid, cost-effective and repeatable
manner (Shenk & Westerhaus 1993, 1994). As outlined
below, once calibration equations are developed,
sample composition can be estimated using the Near
Infrared (NIR) spectra alone, reducing analysis time by
an order of magnitude or more.

For 3 decades now, NIRS has been used in the field
of agriculture, with the evaluation of forage quality for
domesticated animals being the main focus (Givens
et al. 1997). In recent years, however, its utility has
come to be recognised by ecologists (Foley et al. 1998).
NIRS has been found to be an effective means for mea-
suring the botanical composition of different plant
communities, determining plant nutrients and second-
ary metabolites, analysing minerals and soils and even
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measuring such poorly defined aspects of organic com-
position as plants' resistance to insects (Windham et al.
1988, Morra et al. 1991, Rutherford & Van Staden 1996,
Foley et al. 1998). Aragones (1996) has shown that
NIRS can be used to examine the chemical composi-
tion (e.g. nitrogen, fibre) of seagrasses. In this paper
we investigate the applicability of NIRS to determining
the species composition of samples taken from the
stomachs of dugongs. NIRS offers a faster alternative
to the Weibel graticule used in previous studies, where
the objective has been to examine the major contribu-
tors to the diet, and when the time constraints of labo-
ratory analysis become restrictive.

The basic principles behind NIRS can be sum-
marised as follows (more detailed coverage is provided
by Givens et al. 1997 and Foley et al. 1998). When a
sample of organic material is irradiated with NIR light,
it is absorbed at frequencies corresponding to charac-
teristic vibrations of the chemical bonds within partic-
ular functional groups (Foley et al. 1998). All other fre-
quencies are either reflected or transmitted (Givens et
al. 1997). NIR radiation is mainly absorbed by C-H,
N-H and O-H bonds (Foley et al. 1998), which are the
main components of plant and animal tissues. Because
the chemical constituents of a tissue determine the
type and number of bonds present (and therefore the
wavelengths and amount of light absorbed), the analy-
sis of the reflected spectra of a sample provides infor-
mation on the chemical composition of that sample
(Foley et al. 1998).

Direct interpretation of the spectral absorbances can,
however, be difficult, as the peaks in the NIR region
consist of overtones and combinations of bands from
primary absorption in the mid-infrared (Givens et al.
1997). Analysis of organic composition of samples via
NIR analysis must thus be done indirectly. Estimates
of the chemical composition of mixtures of unknown
composition can be made by comparing spectra of
those samples with the spectra of similar samples
whose composition has been measured via conven-
tional laboratory analysis (Foley et al. 1998). Calibra-
tion equations are derived, usually using multivariate
regression-style analyses that relate the spectra to the
laboratory values. These equations can then be used
to estimate the composition of unknown samples, pro-
vided that they are part of the same spectral popula-
tion (Foley et al. 1998).

Several studies have investigated the possibility of
using NIRS to estimate the proportions of individual
species in plant mixtures, and they have evaluated the
accuracy of the technique with promising results
(Petersen et al. 1987, Coleman et al. 1990, Garcia-
Criado et al. 1991, Pitman et al. 1991, Wachendorf et al.
1999). Analyses of livestock oesophageal samples via
NIRS, which one may expect to be more difficult

because of partial digestion, have also produced
acceptable results (Hill et al. 1988, Volesky & Coleman
1996). We therefore considered it likely that the tech-
nique would also allow characterisation of the diet of
marine herbivores from samples of stomach contents.

This study was conducted as part of a larger study
examining the diet of dugongs in Torres Strait,
between Australia and Papua New Guinea. Stomach
samples were collected as part of a study into the
indigenous fishery for dugongs in the region (Kwan
2002). It was determined when the study commenced
that time constraints would not allow the entire sample
set to be examined by conventional techniques. We
show below that adopting NIRS allowed us to meet the
objectives of the larger study, which were to compare
the diets of dugongs and green turtles in the Torres
Strait and to examine differential resource use (André
et al. unpubl. data), with time to spare.

MATERIALS AND METHODS

A total of 128 samples of dugong stomach contents
were available for this study. All samples came from
dugongs caught by local hunters on Mabuiag Island,
Torres Strait (Kwan 2002). The stomach contents were
collected from the anterior part of the stomachs (where
food is least digested), preserved in a formalin-based
solution (5 % formalin/95 % seawater) and stored away
from direct light for several months.

Collection of reflectance spectra. A sub-sample
(approximately 40 g) of the stomach contents of each
dugong was dried in an oven at 50°C for 72 h. Samples
were then ground using a Cyclotec 1093 Sample Mill
(Tecator). Before collecting the spectra for NIRS, sam-
ples were kept in an oven at 40°C for 1 h to remove any
moisture absorbed during storage, and placed into a
desiccator to cool to room temperature (water has a
broad absorbance band that may obscure other rela-
tionships in the reflectance spectrum of the sample).
Prior to scanning, each sample was placed into a sam-
ple cup; care was taken to ensure that each sample
was spread evenly and packed to a consistent degree
of compression (Foley et al. 1998). Sample cups were
then placed in a NIR Systems 6500 spectrometer
(equipped with a spinning cup module, Foss NIR-
Systems) to obtain their reflectance spectra. In order to
minimise instrument variation in the measurement of
spectra, the NIRS instrument was housed in a room
maintained at constant temperature and humidity.

Calibration. Calibration and predictions were con-
ducted using the WinlISI II-Version 1.02A software
(Infrasoft International).

Selection of calibration set: After scanning the entire
sample set, a subset was chosen for calibration. A sta-
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tistical approach was taken to enable the minimum
number of samples to be selected to encompass the
spectral variation of the population of samples, thus
minimising the cost and effort expended in laboratory
analyses.

The dimensions of the spectral data were first
reduced to principal component scores, then the dis-
tances between them in multivariate space (Maha-
lanobis distance) were calculated (Shenk & Wester-
haus 1993, 1994). The distances between each sample
and the average spectrum for the population, ex-
pressed as the ‘global H' (=Mahalanobis distance
values standardised by dividing by the average for
the population) were then calculated. This procedure
establishes spectral boundaries for the population and
allows the detection of samples with extreme spectra
(i.e. those with global H > 3) that would have an exces-
sive influence on the calibration (Shenk & Westerhaus
1993, 1994). Two outliers were eliminated from the
dataset via this process.

Samples to be included in the calibration set were
then selected using the neighbourhood H concept,
where the neighbourhood for any 1 sample is the mul-
tivariate ‘space’ close to that sample. One sample is
selected per neighbourhood, as it is considered that
the others are sufficiently close in chemical composi-
tion that the single sample can represent them in a cal-
ibration. We used a neighbourhood H-value of 1.625
which selected 26 samples for calibration (approxi-
mately 18% of the total data set). The H-value we
selected was slightly higher than is common practice
because of the very strong time constraint under which
this study was conducted. Smaller values would
restrict each neighbourhood such that there would be
more neighbourhoods, and thus more samples selected
in the calibration set. We could only afford to analyse
40 samples (including an independent validation set—
see below) out of the 128 to develop the calibration in
order for the study to be viable and completed on
schedule. Other studies have used between 20
(Volesky & Coleman 1996) and 40 % (Garcia-Criado et
al. 1991) of the total data set for calibration, but the
absolute size of our calibration set is smaller. We
describe below precautions taken, such as cross vali-
dation of the calibration equations and validation with
an independent data set (Anonymous 1995), such that
we are confident of the use of this calibration set for the
purpose described.

Laboratory reference values for calibration: The
samples selected for calibration were analysed with
the Weibel graticule technique as described in detail
by Channells & Morrissey (1981). In summary, 8 slides
were prepared from each sample of stomach contents
by evenly spreading a sub-sample of digesta over each
slide. Ten sites per slide were then scanned quantita-

tively to determine the contribution of the various
dietary components to the volume of the sample. This
was achieved by counting the number of graticule line
endpoints that each dietary component intercepts.
Results were expressed in percentage of volume.

Seagrasses were identified under a microscope on
the basis of cellular structure, using the seagrass
collection from the School of Tropical Environment
Studies and Geography, James Cook University, Towns-
ville, Queensland, published photographs (Lanyon
1986) and reference slides created from seagrass spec-
imens collected by Cairns Department of Primary
Industry and Michelle Waycott (James Cook Univer-
sity). Because of the fragment size and the state of
digestion of some samples, seagrass could not always
be identified to the species level. Cymodocea serrulata
and C. rotundata were not always distinguishable and
were pooled simply as ‘Cymodocea’. Similarly, Halo-
phila ovalis and H. spinulosa were pooled under
Halophila, as the 2 species had very similar cell struc-
ture and could not always be differentiated. Seagrass
rhizomes could not be systematically identified to spe-
cies and were pooled across all species for cohesion.
Note therefore, that hereafter references to amounts of
material other than rhizomes necessarily refer only to
the aboveground part of the plant, and may be under-
estimates, as they do not take into account the contri-
bution of rhizomatous parts of that species.

The accuracy of the microhistology analyses was
assessed by having the same person perform blind
duplicates of several samples. The standard error of
the laboratory (SEL) was calculated according to the
formula: SEL = V(3 [y: — y2]*/N), where y; and y, are
duplicates of a sample and N = total number of samples
(Smith & Flinn 1991).

Development of the calibration equation: We used
modified partial least squares regression to develop
the calibration, as recommended by Shenk & Wester-
haus (1993, 1994). We used the full range of wave-
lengths recorded, being every 8 nm between 408 and
2492 nm. A variety of mathematical treatments that
remove irregularities in the data, such as the effect of
particle size, were tested (variations of 1st, 2nd or 3rd
order derivatives of the spectra and different sizes of
smoothing intervals—Table 1), and the best equation
was selected on the basis of estimates of the standard
error of calibration (SEC = error due to differences
between estimates of species composition made using
microscopy and NIRS-predicted values within the cali-
bration set), the standard error of prediction (SEP =
error due to differences between microscopic analysis
values and NIRS-predicted values outside the calibra-
tion set) and the standard error of cross validation
(SECV = error due to differences between microscopic
analysis values and NIRS-predicted values within the
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Table 1. Calibration statistics, including the regression method (MPLS-SC and MPLS-N = modified partial least square—scatter
correction and = no scatter correction, respectively), number of samples (N), standard error of calibration (SEC), cross validation
(SECV), and laboratory (SEL), coefficient of determination of the regression equation between laboratory references and near
infrared reflectance spectroscopy (NIRS)-predicted values (r?), number of principal components (Terms) and mathematical treat-
ment (Maths: numbers refer respectively to the order of the derivative of the spectrum and the size of gap, 1st and 2nd smooth

intervals used —see Shenk & Westerhaus 1993 for details)

Genus (method) N Range (%) SEC (%) SECV (%) SEL (%) r? Terms Maths
Rhizome (MPLS-SC) 26 12-67 4.11 517 5.83 0.99 6 2,4,4,1
Thalassia (MPLS-SC) 26 0-81 1.93 10.68 3.62 0.99 6 2,4,4,1
Cymodocea (MPLS-SC) 26 2-34 1.93 7.35 2.35 0.98 6 2,4,4,1
Syringodium (MPLS-SC) 25 0-61 5.52 5.09 3.78 0.86 6 2,4,4,1
Halophila (MPLS-SC) 25 0-9.5 0.86 2.26 0.82 0.94 6 2,4,4,1
Halodule (MPLS-N) 26 0-1.7 0.13 0.50 0.70 0.97 5 3,4,4,1
Enhalus (MPLS-N) 7 0-0.3 0.03 0.05 1.62 0.58 6 2,4,4,1
Thalassodendron (MPLS-N) 11 0-6.8 0.10 0.11 2.55 0.10 5 3,4,4,1
Algae (MPLS-SC) 17 0-4 0.25 0.18 0.50 0.24 5 3,4,4,1
cross-validation sets). These terms measure the accu- RESULTS

racy of the relationship between the NIR spectral
absorbances and the laboratory reference values in the
regression equations. The coefficient of determination
(r?), slope and intercept of the regression equations, as
well as the bias (difference between the mean actual
value and the mean predicted values for a component)
are also important factors in model selection. For
brevity we present here only the final model for each
dietary component.

Modified partial least squares regression requires
cross validation to guard against overfitting (i.e.
adding too many wavelengths to the model; Anony-
mous 1995). The calibration set was arbitrarily divided
into a number of small groups. Estimation was made of
the values for each group based on the calibration
developed from the remaining samples. In turn, pre-
dictions were made for all groups with the average of
prediction for all groups becoming the final calibration
equation (Shenk & Westerhaus 1993, 1994).

We also used an independent data set to validate the
calibrations. That is, we tested the estimates produced
by applying the calibration to a set of 14 samples that
were not part of the calibration set, but for which we
derived laboratory reference values.

Laboratory reference analyses

Nine seagrasses, Thalassia hemprichii, Syringo-
dium isoetifolium, Cymodocea serrulata, C. rotun-
data, Enhalus acoroides, Thalassodendron ciliatum,
Halophila ovalis, H. spinulosa, and Halodule unin-
ervis, were identified microhistologically from the
40 samples (calibration + validation set) of stomach
contents of dugongs. As noted previously, C. serru-
lata and C. rotundata were pooled as '‘Cymodocea’,
H. ovalis and H. spinulosa were pooled under
Halophila and seagrass rhizomes were pooled across
all species. (All species are referred to as genera
alone hereafter.)

Algae were also found in the samples but most of
them could not be identified due to the small size of the
fragments. The total concentration of algae never
exceeded 4 %. Overall, rhizome and Thalassia were
the most important components in the diet, constitut-
ing 39.30 and 33.83 % of the stomach contents, respec-
tively. Syringodium and Cymodocea accounted for
11.06 and 10.58% of the total diet, respectively.
Enhalus, Halodule, Halophila and Thalassodendron

Table 2. Validation statistics, including the difference between the mean actual value and the mean predicted values for

component (Bias), standard error of prediction (SEP) and slope (SE slope). See Table 1 for definitions

Genus (method) N Range (%) Bias SEP (%) Slope SE slope r

Rhizome (MPLS-SC) 14 8.8-53 -2.32 9.21 1.00 0.07 0.94
Thalassia (MPLS-SC) 14 6-85 6.27 13.87 0.90 0.07 0.93
Cymodocea (MPLS-SC) 14 1.3-14 -1.99 4.64 1.27 0.16 0.82
Syringodium (MPLS-SC) 12 0-28 -3.13 6.66 1.08 0.12 0.86
Halophila (MPLS-SC) 14 0.5-9 0.82 2.76 0.67 0.18 0.50
Halodule (MPLS-N) 11 0-4.2 0.36 0.58 0.10 0.12 0.06
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had a low frequency of occurrence and accounted for
approximately 5% of the total diet.

Overall, the precision of the microscopic analyses
(SEL) was acceptable (Table 1), the highest value
being for rhizomes (SEL = 5.83 %).

Calibration

Good calibrations were obtained initially for rhi-
zome, Thalassia, Cymodocea, Halodule, Halophila and
Syringodium (Table 1). No acceptable predictions
were produced for Enhalus, Thalassodendron or algae,
as indicated by the poor r? values (<0.70) for the rela-
tionship between the values estimated by NIRS and
those derived from microhistological analyses. The
SEC values for the estimated components were small,
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ranging from 0.86 to 5.52%. SEC and SECV values
were close for most components except Thalassia and
Cymodocea.

Validation

Validation was performed for the 6 dietary compo-
nents that resulted in acceptable predictions in the cal-
ibration stage. The validation statistics indicated an
excellent fit for (Table 2) rhizome, Thalassia, Syrin-
godium and Cymodocea. Predictions for Halophila
and Halodule, however, were not acceptable, with
r? < 70% (Table 2). Plots of laboratory-determined
versus estimated proportions of Thalassia, rhizome,
Cymodocea and Syringodium showed linear relation-
ships for these 4 dietary components (Fig. 1). The
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Fig. 1. Relationship of near infrared reflectance spectroscopy (NIRS)-predicted percentages of (a) rhizome, (b) Thalassia,
(c) Syringodium, and (d) Cymodocea to laboratory-determined percentages for the validation set
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slopes were not significantly different from 1.00
(Table 2), indicating that the calibrations were accu-
rate. Bias was acceptable, with a maximum of 6.27 for
Thalassia (Table 2).

DISCUSSION

Of the 9 dietary components found in the stomachs of
dugongs from Torres Strait, 4 were estimated accu-
rately by NIRS. These were the major dietary compo-
nents, and thus NIRS is a valid means to examine most
of the variability in the diet of these dugongs. There
were several factors that may have been expected to
impede the development of acceptable calibrations for
minor dietary components: (1) a relatively small cali-
bration set; (2) the samples were partially digested;
(3) the samples were stored in formalin; and (4) some
groups were pooled because they were not morpho-
logically distinct under conventional analysis. The util-
ity of the NIRS technique for studies of other systems
should be viewed in light of these factors, as we discuss
in more detail below.

Rhizome, Thalassia, Syringodium and Cymodocea
were the 4 constituents accurately predicted by NIRS.
These 4 seagrass components totalled 95 % of the diet.
Bias was acceptable, with values ranging from -3.1
(Syringodium) to 6.3% (Thalassia). Bias never ex-
ceeded SEP, and was therefore of little consequence
since random error exceeds systematic error (Coleman
et al. 1990). The regression coefficients for the rela-
tionship between the laboratory-derived versus the
NIRS-estimated values for the independent validation
set for these dietary components were high, with a
minimum r? of 0.82 for Cymodocea. This suggests that
these 4 dietary items were chemically distinct and pre-
sent in sufficient quantities for NIRS to predict them
accurately. The fact that differences in the chemical
composition of tropical seagrasses between plant parts
(i.e. leaves vs rhizomes) and species (e.g. Syringodium
vs Cymodocea) have been reported by Aragones
(1996) supports this hypothesis.

It is interesting that quantities of rhizomes could be
estimated well, despite the pooling of rhizomes across
species. The most likely explanation for this is that
there is some chemical feature, or features, common to
rhizomes that are distinct from those found in leaf tis-
sues. To be able to develop a strong mechanistic expla-
nation for this requires a detailed knowledge of the
underlying chemistry. This would include an examina-
tion of the important wavelengths in the calibration
equations, relating them to independent information
on the chemistry of each source of material (e.g. Mc-
Ilwee et al. 2001). At this point there is not sufficient
information to do that in this case, but it does not pre-

clude the application of the method. Provided suffi-
cient care is taken in calibration, and ensuring that
samples to be predicted come from the same spectral
population, then an understanding of the underlying
mechanism, while desirable, is not essential (Foley et
al. 1998, Mcllwee et al. 2001).

The 5 dietary components that were not predicted ac-
curately all had a small range of values, with maximum
values of ca. 10 % (Tables 1 & 2). This suggests that 10 %
may be a limit under which NIRS cannot pick up the
chemical signature of a species or that the lab work is not
repeatable when occurrence is small (but see below). An
earlier study by Volesky & Coleman (1996) found similar
results. They estimated the botanical composition of oe-
sophageal extrusa samples from livestock and concluded
that only major botanical components (>10 % of the diet)
were predicted with acceptable precision and accuracy.
The fact that minor dietary components could not be
predicted accurately was, however, of little concern in
this study, as these components made up less than 5%
of the total diet and were therefore not significant to
the objectives of the broader study.

Acceptable predictions were obtained for Halodule
and Halophila in the initial calibration, and we were
optimistic that we would be able to estimate these via
NIRS. However, the equation failed to produce ade-
quate predictions for the independent validation set.
SEP and bias were small but r? values for both species
were unacceptably low (Table 2). The low value of the
regression coefficient for Halodule may be explained
by the greater range of values in the validation set rel-
ative to the calibration set. Halodule was present only
in low concentrations in the calibration set (0 to 1.7 %)
while in the validation set, values ranged between 0
and 4.2 %. Thus, attempts to make estimations on some
samples in the validation set resulted in extrapolation
beyond the range of the calibration equation and likely
led to the poor agreement between laboratory-derived
and NIRS-estimated values. The reason for the weak
agreement between the calibration and the validation
sets for Halophila is not known. We suspect that it
derives from low resolution in the laboratory method.
As noted earlier, it was difficult to distinguish between
H. ovalis and H. spinulosa, and these were pooled in
the analysis. These 2 species, however, appear to be
substantially chemically distinct (Aragones 1996) and
differences in the ratios of the 2 between samples in
the calibration set and those in the validation set may
have led to poor agreement, as observed.

Enhalus, Thalassodendron and algae had acceptable
SEC and SECV values, but the 12 values for the rela-
tionship between the laboratory and NIRS estimated
values were low (r? = 0.58, 0.24 and 0.13 respectively).
This is probably due to the small amounts of these con-
stituents in the calibration set. Enhalus ranged only
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from 0 to 0.3 % in the calibration set, whereas Thalas-
sodendron and algae ranged from 0 to 6.8% and 0 to
4%, respectively. Moreover, few samples in the cali-
bration set contained these components, thus the cali-
bration set was effectively considerably smaller for
these items (Table 1).

Our data set, and hence calibration set, is relatively
small due to the nature of the animal on which we work.
We were fortunate to have the unusually large number
of 128 samples from dugong stomachs, as these samples
were available from a 2 yr study of hunting of dugongs
by Torres Strait Islanders (Kwan 2002). We suspect stud-
ies of other marine herbivores may have much larger
numbers of replicates (e.g. Keshava et al. 1988, Forbes
1996). The primary appeal of adopting NIRS methodol-
ogy in laboratory analysis is to save the time and cost of
conventional methods. Benefits are only gained if the
work expended in developing the calibrations exceeds
that saved in reducing the laboratory work. We deter-
mined that examination of the technique's applicability
to our study must be based on a total of approximately 40
samples, considering a specific and firm time constraint.
As with all statistical techniques, the precision of the
NIRS calibrations improves with increasing numbers of
samples. Most authors use ca. 50 samples or more for cal-
ibration (Hill et al. 1988, Garcia-Criado et al. 1991,
Anonymous 1995, Volesky & Coleman 1996). That we
are able to describe dugong diets very well with a
smaller calibration set indicates that the technique may
provide even finer resolution as the sample set grows.
This may circumvent some of the problems described
above. One of the advantages of NIRS is that once a cal-
ibration has been developed, it can be used, and added
to, by subsequent studies (Shenk & Westerhaus 1993,
1994), as we intend to do with this data set.

Much of the discussion above has addressed the per-
ceived accuracy of the NIRS estimation as determined
by comparison with the laboratory-derived values. In
fact, the major source of error is often the reference
analyses themselves. Inaccuracies in the laboratory
analysis result in poor calibrations. The study by
Volesky & Coleman (1996) provides the most appropri-
ate illustration of this problem. In their assessment of
the applicability of NIRS to resolving the botanical com-
position of mixtures of terrestrial grasses, they manu-
ally created a set of mixed samples that they could then
use to determine the accuracy of each method. In fact,
they found that laboratory analyses were the largest
source of error and that it was this that led to poor cali-
brations, rather than problems with the NIRS technique
itself. The calibration can only be as good as the values
used to derive it (Shenk & Westerhaus 1993, 1994).

In this study, the accuracy of the microhistological
analysis, and hence quality of the data used for calibra-
tion, mostly depended on the level of digestion of the

stomach contents. In very digested samples, microhisto-
logical identification became difficult because seagrass
fragments lost their characteristic cellular structure and
species were likely to be confused. For example, Cy-
modocea was likely to be confused with Thalassoden-
dron in very digested samples, although the 2 species
have very distinct cell structure in non-digested frag-
ments. Duplicate analyses of some stomach contents
revealed that variability was greater in very digested
samples than in little digested samples, but the overall
SEL (i.e. the accuracy of the microhistological analyses)
was acceptable. Error in the laboratory analyses is thus a
contributor to the imprecision in the NIRS analyses, but
is unlikely to be the major source of error for the cali-
bration. We cannot determine at this stage how much, if
at all, the level of digestion or storage in formalin inter-
feres with the chemical distinctness of each species, and
thus the ability to estimate them by NIRS.

Another possible source of error may come from chem-
ical variation in seagrass. Seagrass chemical composition
is known to change with season (Preen 1995). In this
study, stomach contents were collected over a 3 yr
period, from September 1997 to September 1999.
Sampling date could have introduced variation in the
chemical properties and spectral absorption (Volesky &
Coleman 1996). Additional variation could come from
dugongs feeding on various seagrass beds in Torres
Strait, as site location and depth are also known to
influence the chemical constitution of seagrass (Ara-
gones 1996). These are issues that will be addressed
in expanding the calibration set in subsequent studies.

It is instructive to clearly illustrate the savings to be
made in adopting NIRS for dietary analysis. Determi-
nation of diet composition via the microhistological
method takes ca. 1 d per sample. This assumes samples
are simply taken from storage and spread unprepared
on microscope slides for immediate analysis. Thus, for
the 128 samples that we had, it would have taken over
6 mo (assuming a standard Monday to Friday 09:00
to 17:00 h working week) to complete these analyses.
Monetary costs are low for this example because no
reagents are used and the work has been done as part
of a postgraduate research program. However, both
the cost of staff time and the reagent cost of chemical
analyses that also can be done by NIRS (e.g. nitrogen
content, fibre, carbohydrates) may be prohibitive
(Shenk & Westerhaus 1993, 1994). The NIRS analysis
took a total of 14 wk. This included (1) laboratory
analysis of calibration and validation sets (45 d);
(2) drying and grinding of 128 samples (4 d); and
(3) development of calibrations and application to
remaining samples (7 d). Thus, even in this study with
relatively small numbers of samples, we were able to
save over 3 mo laboratory time while meeting the
objectives of the study.
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Conclusions

This study shows that the main dietary items found in
dugong stomachs can be identified and estimated via
NIRS. This has the capacity to greatly increase the
scope of dietary studies, while minimising expense and
effort. The overall study, of which this paper is a part,
has 128 samples. Thus, a relatively small calibration set
was used to develop equations to make the investment
in developing the technique cost effective. Even so, ac-
ceptable calibrations for the major dietary items were
developed and have allowed the remainder of the sam-
ples to be estimated by NIRS alone. This has reduced
laboratory work for this study by over 50 %. NIRS could
not be used to adequately estimate dietary items consti-
tuting less than 10 % of the diet, but this did not prevent
us meeting the objectives of the larger project. That this
level of resolution could be achieved with a small cali-
bration set, and samples in various stages of digestion
stored in formalin is an excellent illustration of the util-
ity of the technique. NIRS is a technique that may have
wide applicability and great value to studies of marine
herbivore diets where conventional methods limit the
ability to examine larger datasets.
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