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SUMMARY

The potential use of faecal n-alkanes for estimation of intake and diet composition over periods of
1–2 days was assessed in two experiments. The aim was to determine the accuracy with which intake
and diet composition could be estimated by characterizing faecal excretion of n-alkanes following a
discrete dose as opposed to steady state kinetics used in previous work.

In the first experiment, 16 sheep were fed mixtures of spinach (rich in C
$"

-alkane) and cabbage (rich
in C

#*
-alkane) in known proportions and amounts for two days. Artificial n-alkanes (C

#)
- and C

$#
-

alkane) were dosed on four occasions during this time. Total intakes were controlled at 0±2, 0±3, 0±4
or 0±5 kg dry matter (DM) per day and nominal amounts of spinach offered (as a proportion of the
total diet) were 0±00, 0±15, 0±30 and 0±45. Each sheep received a unique combination of intake and
dietary proportions (four intake rates¬four proportions). Sheep were fed fresh grass (timothy,
Phleum pratense) before and after feeding spinach and cabbage. Sequential rectal grab samples of
faeces were collected at regular intervals and total faecal collections were carried out over 144 h from
the start of the spinach}cabbage feeding period to obtain samples for n-alkane analysis. In the second
experiment, fresh grass was sprayed with two combinations of artificial n-alkanes (C

#%
- and C

$#
- or

C
#)

- and C
$'

-alkane) and fed to 16 sheep over a 24 h period. Each sheep received one of four intake
rates (0±8, 1±0, 1±2 or 1±4 kg DM}day) and, within intake rates, each sheep received one of four different
proportions of the herbage sprayed with the combinations of n-alkanes (0±2, 0±4, 0±6 or 0±8), in a
similar fashion to the first experiment. In order to estimate intake, C

#'
- and C

$%
-alkanes were dosed at

the start of the feeding period. Faecal sampling procedures were the same as those in the first experiment.
Different parameters of faecal excretion curves of dosed and natural n-alkanes were used to

estimate dietary proportions and intake. Parameters tested included area under the excretion curve
and curve maximum. Dietary proportions were calculated using an iterative minimization procedure
employing faecal and herbage n-alkane concentrations. Intakes were estimated using ratios of
dosed:natural faecal n-alkanes.

The best estimates of dietary proportions were obtained using faecal concentrations at a single
point in time in both experiments (" 80% variation explained for regressions of estimated v. actual
proportions). Intake estimates required the calculation of the area under the excretion curve to obtain
acceptable estimates (70–90% variance explained for regressions of estimated v. actual intakes in
Expt 2). The experiments demonstrate that precise estimates of diet composition can be obtained
using single faecal samples following consumption of simple herbage mixtures over 24–48 h. Intake
may also be estimated using this technique provided that a series of faecal samples are collected over
4–5 days following the period of ingestion.

INTRODUCTION

Our understanding of the foraging behaviour of free-
ranging herbivores is often constrained by our

* To whom all correspondence should be addressed.
Email : a.duncan!mluri.sari.ac.uk

inability to make meaningful measurements of herb-
age intake and diet composition. The use of n-alkanes
as faecal markers for estimating intake under free-
ranging conditions has been a significant advance and
methods have been established and validated (Mayes
et al. 1986a, b ; Vulich et al. 1991). Although n-alkane
recovery in faeces is generally incomplete, recovery is
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known to increase, in a predictable way, with carbon-
chain length of individual n-alkanes (Mayes et al.
1986a). Valid estimates of intake can be obtained by
the administration of known amounts of even-chain
n-alkanes of similar chain length and recovery to
those found in herbage (Mayes et al. 1986a ; Dove &
Mayes 1996).

Dietary n-alkanes have also been used successfully
to estimate the proportions of plant species in the diet
of free-ranging herbivores (Dove & Mayes 1991).
Because each plant species has a different profile of n-
alkanes, diet composition can be determined from the
patterns of n-alkanes found in faeces with a knowledge
of the n-alkane concentrations in individual plant
species.

One feature of the existing technique is that intake
and diet composition estimates represent integrated
averages over 5–7 days. Moreover, the technique
assumes steady-state kinetics ; mean faecal concen-
trations of n-alkanes in a number of sequential faecal
samples are used in the estimation of herbage intake
and diet composition. Such data may be desirable in
many situations but there is also a need for in-
formation at shorter time-scales (e.g. 4–48 h). Such
measurements are important given the variability of
foraging behaviour on a daily basis as a result of
changes in the available food resource (due to
depletion, growth, spatial heterogeneity) and changes
in animal requirements.

To validate the use of n-alkanes as markers to
determine diet composition and intake in the short
term, two experiments were conducted in which the
accuracy and precision of the proposed method was
assessed in sheep offered known amounts and pro-
portions of different dietary components. The prin-
ciple of this new method was to administer a single
pulse of exogenous n-alkanes concurrently with the
offered feeds. Collection of sequential faecal samples
allowed faecal excretion of dosed and herbage n-
alkanes to be followed over several days. The efficacy
of using various features of the faecal excretion curve
(e.g. area under curve, peak values) in predicting
intake and diet composition was investigated.

MATERIALS AND METHODS

Experiment 1

The experiment consisted of offering experimental
feeds to sheep in various known amounts and
proportions over a 2-day period. Subsequent n-alkane
excretion curves were used to calculate estimates of
intake and dietary proportions using a variety of
approaches.

Feeds

Spinach (Spinacea oleracea) and cabbage (Brassica
oleracea) were purchased as a single batch from a
local vegetable wholesaler (Knowles Fruiterers, Aber-

deen) on the day prior to the 2-day feeding period and
stored at 4 °C. Spinach leaves were fed whole and
cabbage was roughly chopped before feeding.

Experimental design

Sixteen Scottish Blackface ewes (mean liveweight
44±8 kg, .. 3±03 kg) were housed in individual pens
(day 1) and fed 800 g DM chopped fresh grass
(predominantly timothy, Phleum pratense) per day in
two equal feeds at 09.00 and 16.00 h for 14 days. At
09.00 h on day 15 they were transferred to metabolism
crates and total faecal collections were begun. At
09.00 h on day 16 (time 0) the cabbage}spinach
feeding regimen began. Over the subsequent 48 h
animals were offered spinach and cabbage as their
sole diet to achieve nominal daily DM intakes of 0±2,
0±3, 0±4 or 0±5 kg DM per day (four animals}intake
rate). Within each intake rate, one sheep received
proportions of spinach of 0±00, 0±15, 0±30 or 0±45 of
the total diet. Each daily allocation of spinach was
divided into two portions which were fed at 09.00 and
16.00 h. Similarly, equal portions of cabbage were fed
at 12.00 and 23.00 h. Refusals were collected at
09.00 h each morning and weighed following drying
at 100 °C. All animals were dosed with two paper
bungs impregnated with a mixture of C

#)
- and C

$#
-

alkanes (160 mg of each per bung) on each of four
occasions at 0, 7, 24 and 31 h. Total faecal production
over sequential 24 h periods was collected, beginning
24 h prior to the start of spinach}cabbage feeding and
continuing until the last sample at 144 h. Faeces were
weighed fresh and subsampled for n-alkane analysis
following thorough mixing. A further subsample was
used to measure DM content following drying at
100 °C. In addition to total faecal collections, rectal
contents (faecal grab samples) were sampled at 0, 7,
14, 23, 31, 38, 47, 56, 62, 71, 80, 96, 120 and 144 h and
frozen pending subsequent n-alkane analysis. The
original grass feeding regime was resumed at 48 h and
continued until the end of the experiment at 144 h.

Experiment 2

Feeds

Chopped, fresh grass, previously sprayed with in-
dividual n-alkanes, was used for the experiment. At
the end of May 1996, four plots (each 36 m#) separated
by a margin of at least 2 m were marked out on a grass
pasture comprising predominantly Phleum pratense.
Each plot received either C

#%
-, C

#)
-, C

$#
- or C

$'
-alkane

sprayed as a solution in petroleum spirit (b.p.
60–80 °C, BDH, Poole, Dorset) applied using a
precision compressed air sprayer. Solutions were
made up at a concentration of 3 mg}ml and applied at
a rate of c. 64 ml}m#. Three days following spraying,
grass was harvested with a rotary grass cutter and
mixed to give two test diets. C

#%
-sprayed grass and

C
$#

-sprayed grass were thoroughly mixed in equal
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Fig. 1. Hypothetical n-alkane excretion curve illustrating
different methods for calculating parameters of faecal n-
alkane excretion curves for use in estimation of intake and
dietary proportions. ‘Area under curve’ was derived by
calculating the area between each time point as a trapezium
using background n-alkane concentrations as constant
baseline values. ‘Slice average’ consisted of the mean of the
highest faecal n-alkane concentration and concentrations in
the two adjacent samples. ‘Curve maximum’ consisted of
the highest faecal n-alkane concentration measured, while
‘Point ’ was the faecal n-alkane concentration in the sample
immediately following the curve maximum.

proportions on a fresh weight basis. Similarly C
#)

-
and C

$'
-alkane sprayed grasses were mixed to form a

second test diet. Diets were stored at 4 °C and fed the
following day. The background diet consisted of fresh
chopped grass cut on a daily basis from an area
adjacent to the sprayed plots.

Experimental design

The same design employed in Expt 1 was used for
Expt 2. Sixteen Scottish Blackface ewes (mean
liveweight 44±8 kg, .. 3±03 kg) were housed in
metabolism crates and fed fresh chopped grass in two
equal feeds at 10.00 and 17.00 h to achieve nominal
intakes of 0±8, 1±0, 1±2 or 1±4 kg DM per day (four
animals}intake rate). These feeding rates were main-
tained for 14 days period to feeding sprayed grasses.
At 09.00 h on day 15, faecal collection bags were
placed beneath metabolism crates for collection of
background faecal samples. Faecal output over the
subsequent 24 h was pooled by intake rate, thoroughly
mixed and subsampled for subsequent n-alkane
analysis. At 09.00 h on day 16 (time 0) experimental
diets were offered in their known proportions. Two
separate paper bungs, each impregnated with one n-
alkane (one containing 100 mg of C

#'
-alkane and the

other containing 200 mg of C
$%

-alkane) were orally
administered at this time. Nominal intakes were
maintained at previously designated rates and within
each intake rate, sprayed grasses were fed to give
nominal proportions of the C

#%
-}C

$#
-alkane sprayed

grass as either 0±2, 0±4, 0±6 or 0±8 of total intake over
24 h. The remainder of the feed allocation comprised
C

#)
}C

$'
-alkane sprayed grass to give nominal pro-

portions of 0±8, 0±6, 0±4 and 0±2 of total intake. The
feed allocation of the test diets were divided into two
equal portions which were fed at 09.00 and 17.00 h.
Total faecal output was collected at 12, 24, 36, 48, 60,
72, 96 and 120 h after first offering the sprayed-grass
diets. The fresh weight of faeces in each sample was
determined prior to taking subsamples for n-alkane
analysis and DM determination. Faecal grab samples
were also collected at 8, 12, 16, 24, 32, 40, 48, 70, 72,
80, 96 and 120 h and frozen for subsequent n-alkane
analysis. At 24 h, the background feeding regime was
resumed until the end of the experiment at 120 h.

n-Alkane analysis

Herbage and faecal n-alkane concentrations were
determined by gas chromatography using a modi-
fication of the method of Mayes et al. (1986a).
Freeze-dried herbage (1±0 g) was milled in a coffee mill
and weighed into glass culture tubes fitted with
polytetrafluoroethylene (PTFE)-lined inserts. An ali-
quot of internal standard solution (0±8 mg}g C

##
-

alkane and 0±8 mg}g C
$)

-alkane in undecane) was
weighed into each tube (c. 0±2 g}tube) and 10 ml 1 
ethanolic potassium hydroxide solution added. Dual
internal standards were used to minimize errors due
to differential analytical recovery of n-alkane related
to C-chain length during both the extraction and
chromatographic procedures (Oliva! n et al. 1994). An
identical procedure was adopted for freeze-dried
faeces except that 0±5 g original material was used and
only 7 ml ethanolic KOH was added. Tubes were
capped tightly and heated for 16 h at 90 °C in a
dry block heater. After cooling to 60 °C the slurry
was extracted with 2¬10 ml of heptane (2¬7 ml for
faeces). The pooled extracts were evaporated under a
stream of air and the residue re-dissolved in 1±5 ml
heptane before applying to silica gel columns (Kiesel-
gel 60, 70–230 mesh) with a 5 ml bed volume. The
purified hydrocarbon fraction was eluted with 13±5 ml
heptane and the eluent evaporated to dryness under
air before re-dissolving in 0±38 ml heptane and
transferring to auto-sampler vials. Chromatography
was carried out on a Pye Unicam PU4500 gas
chromatograph with a flame-ionization detector using
a Supelco SBP1 wide bore capillary column
(30 m¬0±75 mm i.d. ; film thickness 1 µm) and helium
as the carrier gas (20 ml}min). Column temperature
was raised from 210 °C to 295 °C at 6 °C}min. Injector
and detector were maintained at 340 °C. Peak areas
were measured using a Spectra Physics SP4400
computing integrator and concentrations calculated
using Spectra Physics WINNER software. A mixture
of n-alkane standards was injected after every tenth
sample for calibration of detector response.

n-Alkane pellets from the same batch as those
dosed were analysed for n-alkanes by heating in-
dividual pellets in screw-capped culture tubes con-
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taining 30 ml heptane and known amounts of C
##

-
and C

$)
-alkane in an ultrasonic water bath at 60 °C

for 60 min. An aliquot of the extract was diluted and
analysed directly by gas chromatography as described
above.

Calculations

Faecal recovery

The amount of each n-alkane excreted over the entire
period of total faecal collection was calculated from
faecal concentrations and faecal DM outputs. The
total amount of each n-alkane (whether from test
diets, background diets or pellets) consumed over the
complete faecal collection period was also calculated
from herbage intake data and herbage n-alkane
concentrations. Faecal recovery was calculated as
output}input for each individual n-alkane.

Dietary proportions

Dietary proportions were estimated from measured
concentrations of a series of N, n-alkanes in faeces
and herbage by minimizing z in the following
equation:

z¯ 3
N

i="

0 x\H
i,p

(1®x)\H
i,q

x\H
tot,p

(1®x)\H
tot,q

®
F
i

F
tot

1#
where x¯proportion of herbage p in the diet, H

i,p
¯

concentration of n-alkane i in herbage p, H
i,q

¯
concentration of n-alkane i in herbage q, F

i
¯ area

under curve (or other curve parameters as described
below) of n-alkane i in faeces, H

tot,p
¯ sum of con-

centrations of n-alkanes i to N in herbage p, H
tot,q

¯
sum of concentrations of n-alkanes i to N in
herbage q, F

tot
¯ sum of area under curve of n-alkanes

i to N in faeces (curve parameters other than area
under curve were also used as described below).

Faecal concentrations were corrected for differ-
ential recovery of individual herbage n-alkanes prior
to use in the minimization routine. Faecal recovery
correction was achieved using interpolation, by
calculating relative recoveries of dosed n-alkanes and
assuming that relative recoveries of intermediate
herbage n-alkanes lay on a straight line between
adjacent dosed n-alkanes. Relative recoveries of dosed
n-alkanes were calculated by firstly expressing faecal
concentrations of each dosed n-alkane as proportions
of the concentration of the longest chain n-alkane
dosed. Relative recoveries were then calculated from
these proportions taking into account the actual
amount of each n-alkane that was administered.

Minimization of the dietary proportions equation
was achieved iteratively using the Solver routine of
Microsoft Excel v5.0. Faecal excretion curve para-
meters for use in the equation were calculated using a
variety of approaches (see Fig. 1) as follows:

(i) ‘Area under curve’ The area under the faecal
excretion curve was estimated by calculating the

area between each time point as a trapezium
using background n-alkane concentrations as
constant baseline values. This approach was
adopted with the full set of faecal grab samples
and also with limited numbers of samples (one
sample per day or two samples per day) to
represent sampling regimes that would be prac-
tical in field experiments.

(ii) ‘Curve maximum’ The maximum concentra-
tion on the faecal excretion curve minus the
background concentration.

(iii) ‘Slice average’ The average concentration in a
series of three consecutive grab samples minus
background concentration. The samples used
were the sample prior to the curve maximum for
the dosed n-alkanes and the subsequent two
samples. The time at which dosed n-alkanes
reached maximum concentrations was consistent
between animals within each experiment.

(iv) ‘Point ’ Concentrations in grab samples col-
lected at a single point in time minus background
concentrations. The actual sample used was the
sample immediately following the curve maxi-
mum for the dosed n-alkanes.

Herbage intake

Herbage intake was estimated from the faecal ratios
of dosed and herbage n-alkanes, the administration
rate of dosed n-alkanes, and herbage n-alkane
concentrations of consumed diet using the method
described by Mayes et al. (1986a). Herbage n-alkane
concentrations in the consumed diet were calculated
using dietary proportions estimated using the method
described above along with n-alkane concentrations
in the individual dietary components. Subtraction of
background values during calculation of concen-
trations prior to their use in herbage intake calcu-
lations meant that the previous form of the intake
calculation (Mayes et al. 1986a) could be simplified to
the form:

I¯

F
i

F
j

\D
j

H
i

where I¯herbage intake (kg DM}day), F
i
¯ faecal

n-alkane parameter of herbage n-alkane, i, derived
from excretion curve (parameters tested included area
under curve (area units) and maximum faecal concen-
trations (mg}kg DM)), F

j
¯ faecal n-alkane para-

meter of dosed n-alkane, j, derived from excretion
curve (parameters tested included area under curve
(area units) and maximum faecal concentrations
(mg}kg DM)), D

j
¯weight of n-alkane j administered

per day (mg) and H
i
¯ concentration of n-alkane i

(mg}kg DM) in test diet – concentration of n-alkane
i in ‘basal ’ diet.
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The same methods for calculating parameters of
faecal excretion curves were used for intake calcu-
lations as were used in dietary proportion calculations.

Statistical analysis

Estimated dietary proportions were compared with
actual values using linear regression to determine the
closeness of fit (percentage variance explained) and
any systematic bias associated with the estimates. The
same approach was used for comparing alkane-based
intake estimates with measured values. Bias was
assessed by testing for the significance of the deviation
of the regression from a line of slope 1 and an
intercept of 0. This was achieved using regressions
of y®x against x where y¯ estimated values and
x¯ actual values for both dietary proportion and
intake data. Significant relationships would indicate
systematic bias.

The effects of actual intake rate on proportion
estimates and actual dietary proportions on estimated
intake were assessed using stepwise regression. For
example, to test whether proportion estimates were
influenced by intake rate, a regression of estimated v.
actual proportion was calculated and the effect of
including actual intake as an additional factor in the
model was tested. A similar approach was adopted to
assess the effect of dietary proportions on intake
estimates.

The effect of C-chain length, nominal herbage
intake and nominal dietary proportions on the faecal
recovery of n-alkanes was assessed using ANOVA
with polynomial contrasts. The effect of the source of
n-alkane (herbage v. dosed) was also assessed using
contrasts. Where differences were found in the
absolute faecal recovery of dosed v. herbage n-
alkanes, the validity of the interpolation procedure
for correction of herbage n-alkane concentrations
prior to their use in proportion calculations was
tested. This was achieved using paired t-tests to
compare the relative recoveries of herbage n-alkanes
derived from the interpolation procedure with those
calculated using actual faecal recoveries. Statistical
calculations were performed using Genstat 5 (Genstat
1987).

RESULTS

Concentrations of n-alkanes in spinach and cabbage
(Expt 1) were higher than concentrations in the grass
fed as the background diet (Table 1). Grass fed as the
background diet contained mainly C

#*
- and C

$"
-

alkanes with lower concentrations of C
#(

- and C
$$

-
alkanes. The n-alkane spraying procedure employed
in Expt 2 yielded two test diets with distinct n-alkane
profiles as planned.

There was considerable disparity between rate of
excretion of dosed and herbage n-alkanes in Expt 1
(Fig. 2). The two dosed n-alkanes followed similar
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Fig. 2. Typical excretion curve of n-alkanes following dosing (C
#)

-, _ and C
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-alkane, +) and consumption of spinach (rich
in C

$"
-alkane, *) and cabbage (rich in C

#*
-alkane, ^). In this case total intake of spinach and cabbage over 48 h was 600 g

DM and the proportion of spinach in the diet was 0±45. Arrows indicate the times at which C
#)

and C
$#

-alkanes were dosed.
Dotted line indicates baseline concentrations of C

#*
-alkane; Dashed line indicates baseline concentration of C

$"
-alkane.
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in the diet was 0±6. Arrow indicates the time at which C
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and C
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-alkanes were dosed.
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-
alkane in Expt 1 and C
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-, and C
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-alkane in Expt 2) and

herbage n-alkanes following consumption of spinach and
cabbage (Expt 1, D) or grass sprayed with artificial
n-alkanes (C

#%
-, C

#)
-, C

$#
- and C

$'
-alkane; Expt 2, E). Error

bars represent³standard error of mean.

excretion patterns but the excretion curves of herbage
n-alkanes were of comparatively low amplitude. In
Expt 2 the maxima of the excretion curves of pulse
dose and sprayed n-alkanes were of a similar order of
magnitude (Fig. 3). Excretion of pulse dose n-alkanes
rose to an earlier maximum than that of herbage n-
alkanes, reflecting the dosing protocol in which n-
alkane pellets were administered at the start of the
24 h feeding period. The form of the excretion curves
was similar for all four sprayed n-alkanes.

Faecal recovery of n-alkanes used in calculations
increased with C-chain length in both experiments
(Fig. 4). In both experiments, the linear and quadratic
components of the polynomial contrasts were signifi-
cant (P! 0±001). In Expt 1 mean recoveries of dosed
n-alkanes were greater than those of herbage n-

Table 2. Effect of method of calculating proportion of spinach in the diet on the accuracy of estimates in Expt 1.
Regressions of actual v. estimated proportions are shown for values derived from a number of different methods

of deriving faecal excretion curve parameters

Method of calculating faecal
n-alkane parameters from
excretion curves

n-Alkanes
used Equation*

Percentage
variance
explained

Residual
standard

deviation†

Significance of
departure of

regression from
1:1 line through

the origin‡

Area under curve C
#*

, C
$"

y¯ 0±60 (0±063)x0±14 (0±027) 85±9 0±0613 P! 0±001
Curve maximum C

#*
, C

$"
y¯ 0±63 (0±063)x0±13 (0±027) 87±1 0±0609 P! 0±001

Slice average
(71, 80 and 96 h samples)

C
#*

, C
$"

y¯ 1±09 (0±099)x®0±01 (0±043) 88±8 0±0967 

Point (80 h) C
#*

, C
$"

y¯ 1±11 (0±090)x®0±01 (0±039) 91±0 0±0875 

* Values in brackets are standard errors of the mean associated with each parameter. Degrees of freedom¯ 14 in each case.
† Square root of residual mean square of regression of ‘estimated proportion’ on ‘actual proportion’.
‡ Represents significance of the regression of ‘actual – estimated proportion’ on ‘actual proportion’.

alkanes (dosed v. herbage contrast ; P! 0±05). Recov-
eries of C

#*
- relative to C

$"
-alkane did not differ

significantly from values predicted by interpolation
using C

#)
- and C

$#
-alkane (P" 0±05). In Expt 2 there

was no difference in recovery between dosed and
sprayed n-alkanes (dosed v. sprayed contrast ; P"
0±05). In neither experiment did nominal intake level
or nominal dietary proportion allocation influence
faecal recovery of n-alkanes.

The relationship between actual and estimated
dietary proportions of spinach and cabbage in Expt 1
was close regardless of the curve parameters used in
calculations (" 85% variance explained in all cases ;
Table 2). Dietary proportions estimated using C

#*
-

and C
$"

-alkane values derived from the ‘area under
curve’ method and ‘curve maximum’ method were
subject to a significant bias from actual proportions
of spinach in the diet. Both these methods tended to
underestimate dietary proportions with the magnitude
of the underestimation increasing with increasing
proportions of spinach in the diet. With the ‘slice
average’ and ‘point ’ methods there was no bias in
estimates of the proportion of spinach in the diet
(Table 2).

The precision of intake estimates in Expt 1 differed
depending on calculation method. The ‘area under
curve’ and ‘point ’ methods of deriving faecal n-
alkane parameters produced poor estimates of intake
(! 40% variation explained; Table 3). The ‘curve
maximum’ and ‘slice average’ methods yielded
slightly better estimates. The best estimates of intake
were produced using the ‘slice average’ method and
using dietary proportion estimates to determine which
n-alkane pairs to use in intake calculations (" 65%
variation explained; Table 3). Thus when cabbage
(predominantly C

#*
-alkane) was the dominant com-

ponent of the diet (" 0±5 of the total diet), C
#*

: C
#)

-
alkane ratios were used whilewhen spinach dominated
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Table 3. Effect of method of calculating DM intake on the accuracy of estimates in Expt 1. Regressions of actual v. estimated intakes are shown for values
derived from a number of different methods of deriving faecal excretion curve parameters

Method of calculating faecal
n-alkane parameters from
excretion curve

n-Alkanes
used in

proportion
calculation

n-Alkane pairs used in
intake calculations Equation*

Percentage
variance
explained

Residual
standard

deviation†

Significance of
departure of

regression from
1:1 line through

the origin‡

Area under curve C
#*

, C
$"

C
$"

:C
$#

y¯ 0±65 (0±197)x0±33 (0±093) 39±9 0±124 P! 0±001
Curve maximum C

#*
, C

$"
C

$"
: C

$#
y¯ 0±67 (0±154) x0±17 (0±072) 54±2 0±097 

Slice average (71, 80 and 96 h) C
#*

, C
$"

C
$"

:C
$#

y¯ 1±16 (0±313)x®0±16 (0±147) 46±0 0±198 
Slice average (71, 80 and 96 h) C

#*
, C

$"
C

$"
:C

$#
or C

#*
:C

#)
depending on dominant
component of diet

y¯ 0±78 (0±144)x0±10 (0±068) 65±6 0±091 

Point (80 h) C
#*

, C
$"

C
$"

:C
$#

or C
#*

:C
#)

depending on dominant
component of diet

y¯ 0±60 (0±217)x0±18 (0±102) 31±1 0±137 

* Values in brackets are standard errors of the mean associated with each parameter. Degrees of freedom¯ 14 in each case.
† Square root of residual mean square of regression of ‘estimated proportion’ on ‘actual proportion’.
‡ Represents significance of the regression of ‘actual – estimated proportion’ on ‘actual proportion’.



n
-A

lk
a
n
es

fo
r

m
ea

su
rin

g
d
iet

co
m

p
o
sitio

n
a
n
d

in
ta

k
e

2
4
1

Table 4. Effect of method of calculating proportion in the diet of C
#%

}C
$#

-alkane sprayed grass on the accuracy of estimates of dietary proportions.
Regressions of actual v. estimated proportions are shown for values derived from a number of different methods of deriving faecal excretion curve parameters

Method of calculating faecal n-alkane
parameters from excretion curve n-Alkanes used Equation*

Percentage
variance
explained

Residual
standard

deviation†

Significance of
departure of

regression from
1:1 line through

the origin‡

Area under curve C
#%

and C
#)

y¯ 0±96 (0±060)x®0±10 (0±032) 94±4 0±0514 P! 0±001
Area under curve C

$#
and C

$'
y¯ 1±11 (0±042)x®0±04 (0±023) 97±9 0±0357 P! 0±05

Area under curve C
#%

, C
#)

, C
$#

and C
$'

y¯ 1±06 (0±021)x®0±04 (0±011) 99±4 0±0177 P! 0±01
Area under curve (once daily samples) C

#%
, C

#)
, C

$#
and C

$'
y¯ 1±07 (0±057)x®0±06 (0±030) 95±9 0±0482 

Area under curve (twice daily samples) C
#%

, C
#)

, C
$#

and C
$'

y¯ 1±06 (0±024)x®0±04 (0±013) 99±2 0±0208 P! 0±05
Curve maximum C

#%
and C

#)
y¯ 0±95 (0±072)x®0±10 (0±039) 92±0 0±0613 P! 0±001

Curve maximum C
$#

and C
$'

y¯ 1±13 (0±041)x®0±04 (0±022) 98±1 0±0348 P! 0±01
Curve maximum C

#%
, C

#)
, C

$#
and C

$'
y¯ 1±07 (0±028)x®0±04 (0±015) 99±0 0±0235 P! 0±05

Slice average C
#%

, C
#)

, C
$#

and C
$'

y¯ 0±98 (0±134)x®0±03 (0±072) 77±6 0±114 
Point C

#%
, C

#)
, C

$#
and C

$'
y¯ 1±01 (0±051)x®0±02 (0±028) 96±3 0±0438 

* Values in brackets are standard errors of the mean associated with each parameter. Degrees of freedom¯ 14 in each case.
† Square root of residual mean square of regression of ‘estimated proportion’ on ‘actual proportion’.
‡ Represents significance of the regression of ‘actual – estimated proportion’ on ‘actual proportion’.



2
4
2


.
.









E
T

A
L.

Table 5. Effect of method of calculating DM intake on the accuracy of estimates of DM intake. Regressions of actual v. estimated intakes are shown for
values derived from a number of different methods of deriving faecal excretion curve parameters

Method of calculating
faecal n-alkane
parameters from
excretion curve

n-Alkanes used in
proportion
calculation

n-Alkane pairs used in intake
calculations Equation*

Percentage
variance
explained

Residual
standard

deviation†

Significance of
departure of

regression from
1:1 line through

the origin‡

Area under curve C
#%

and C
#)

C
#)

:C
#'

y¯ 1±56 (0±235)x®0±35 (0±263) 74±2 0±206 P! 0±001
Area under curve C

$#
and C

$'
C

$#
:C

$%
y¯ 1±06 (0±166)x0±19 (0±181) 75±3 0±135 P! 0±001

Area under curve C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

#)
:C

#'
and C

#%
:C

#'
ratios

y¯ 1±34 (0±118)x®0±25 (0±132) 89±4 0±104 P! 0±001

Area under curve C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

$#
:C

$%
and C

$'
:C

$%
ratios

y¯ 0±79 (0±105)x0±40 (0±115) 81±1 0±0854 P! 0±001

Area under curve
(once daily samples)

C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

$#
:C

$%
and C

$'
:C

$%
ratios

y¯ 0±76 (0±229)x0±39 (0±250) 43±3 0±186 

Area under curve
(twice daily samples)

C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

$#
: C

$%
and C

$'
:C

$%
ratios

y¯ 0±62 (0±106)x0±53 (0±116) 71±6 0±0864 P! 0±01

Curve maximum C
#%

and C
#)

C
#)

:C
#'

y¯ 1±50 (0±378)x®0±43 (0±422) 49±5 0±330 
Curve maximum C

$#
and C

$'
C

$#
:C

$%
y¯ 0±71 (0±258)x0±41 (0±281) 33±4 0±209 

Curve maximum C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

#)
: C

#'
and C

#%
:C

#'
ratios

y¯ 1±35 (0±290)x®0±37 (0±324) 58±0 0±253 

Curve maximum C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

$#
:C

$%
and C

$'
:C

$%
ratio

y¯ 0±68(0±224)x0±40 (0±244) 38±8 0±182 

Slice average C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

#)
:C

#'
and C

#%
:C

#'
ratios

y¯ 1±28 (0±260)x®0±29 (0±291) 60±7 0±228 

Point C
#%

, C
#)

, C
$#

and C
$'

Average of intake estimates using
C

#)
:C

#'
and C

#%
:C

#'
ratio

y¯ 1±97 (0±375)x®0±89 (0±419) 63±9 0±328 P! 0±05

* Values in brackets are standard errors of the mean associated with each parameter. Degrees of freedom¯ 14 in each case.
† Square root of residual mean square of regression of ‘estimated proportion’ on ‘actual proportion’.
‡ Represents significance of the regression of ‘actual – estimated proportion’ on ‘actual proportion’.
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(predominantly C
$"

-alkane) C
$"

:C
$#

-alkane ratios
were used.

In Expt 2, estimates of dietary proportions were
uniformly precise regardless of the calculation
method. The percentage of variation explained in
regressions of actual v. estimated proportions were
" 90% in all but one case (Table 4). In general the use
of all four n-alkanes (C

#%
-, C

#)
-, C

$#
- and C

$'
-alkane)

tended to produce tighter relationships than the use of
two n-alkanes (C

#%
- and C

#)
- or C

$#
- and C

$'
-alkane).

Similarly estimates produced using longer chain length
n-alkanes (C

$#
and C

$'
-alkane) tended to produce

better estimates than those which used shorter chain
length n-alkanes (C

#%
- and C

#)
-alkane). The slope of

the regression of actual v. estimated proportions was
close to unity in all cases although significant biases
did occur, particularly as the percentage variance
explained by the relationship approached 100%
(Table 4). Reducing the number of samples used to
calculate ‘area under curve’ to represent practical
sampling regimes in Expt 2 had little impact on the
accuracy of estimates of dietary proportions (Table 4).

The precision of estimates of intake in Expt 2 was
rather variable depending on calculation method
(Table 5). The use of the ‘area under curve’ method
produced good estimates of intake (" 80% of vari-
ation explained). Reducing the number of samples
used in calculating ‘area under curve’ to represent
twice- and once-daily sampling regimes led to pro-
gressively poorer estimates of intake. Estimates of
intake which represented the mean of estimates
calculated using two adjacent n-alkane pairs (e.g. C

#%
:

C
#'

and C
#)

:C
#'

-alkane) tended to yield better
estimates than those calculated using single n-alkane
pairs. The ‘curve maximum’ method of deriving
faecal n-alkane parameters for use in subsequent
calculations yielded relatively imprecise estimates of
intake (! 60% of variation explained). The ‘slice
average’ and ‘point ’ methods produced reasonable
estimates (60–70% of variation explained). The
regression of actual v. estimated intake deviated
considerably from unity in the majority of cases. In
most cases the deviation was not statistically sig-
nificant but to some extent this reflected the high
variance associated with the regression lines (Table 5).

DISCUSSION

Since the first validation of the n-alkane method for
estimation of herbage intake and digestibility (Mayes
et al. 1986a), the technique has been developed to
allow measurement of diet composition (Dove &
Mayes 1991) and digesta kinetics (Mayes et al. 1988).
The current study represents a further refinement of
the technique to allow measurement of intake and
diet composition over short time-scales.

The approach presented here is only appropriate in
situations where sheep are consuming food of a

different n-alkane composition on the days during
which intake and diet composition information is
required to that consumed on intervening days. For
example, the approach might be useful in studies of
behavioural or physiological adaptation of sheep to
novel plant species. In this case, natural variation in
n-alkane composition could be exploited (as in Expt
1) but in many circumstances a more flexible approach
would be to apply n-alkanes artificially to components
of the food resource (as in Expt 2). Because of the
limitations imposed when collecting faeces samples
from free-ranging animals with minimal disturbance,
the methods used in the current work represent
approximations to the ideal scenario. In an ideal
situation total faecal output would be collected over a
sufficient period for complete excretion of the n-
alkanes originating from the test diets. Alternatively,
sufficient separate faecal samples would be collected
for the faecal excretion curves to be described exactly
in mathematical terms (Krysl et al. 1985; France et al.
1988) or by estimating the total area under the curve
(Galyean 1993). Whilst the ‘area under curve’ method
of calculation might have been expected to yield the
most satisfactory results, the other methods tested
represent simplifications which, although making
more assumptions, require less analytical work and
may be more appropriate in certain circumstances.

Accuracy and precision of estimates of dietary
proportion

The more extreme the differences in n-alkane profiles
of the components of interest the better the estimates
of diet composition will be. In Expt 1 the two
components fed to the animals were each pre-
dominantly associated with one n-alkane. This aided
resolution of the two components in the estimation of
diet composition. In Expt 2, an ideal situation
pertained, with different components of the diet being
exclusively associated with particular n-alkanes. This
was one of the factors leading to the accurate measures
of diet composition in Expt 2.

The degree to which n-alkane concentrations in
plant species were higher than concentrations in plant
species consumed during the preceding and sub-
sequent days was an important determinant of
accuracy. In Expt 1 the predominant n-alkanes in
spinach and cabbage were present in concentrations
at least three times as high as those in the
background grass diet. We expected much greater
differences than those encountered, based on previous
measurements of cabbage and spinach n-alkane
concentrations (unpublished data). Relatively small
amounts of spinach and cabbage were fed to ensure
that the animals consumed their entire ration. The
lower than expected concentrations of n-alkanes in
the test feeds, together with the relatively small
amounts of spinach and cabbage fed, meant that
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excretion curves of n-alkanes originating from spinach
and cabbage were of low amplitude. One of the
assumptions in the calculations of dietary proportions
is that background n-alkane concentrations are
constant throughout the test-feeding period; this
assumption is not strictly valid because of the
interruption to feeding of the background feed during
the test-feeding period. This source of error would be
insignificant if excretion of test-feed n-alkanes was
high relative to background. In Expt 1 this was not
the case and the dip in excretion of background n-
alkanes during the test feeding period was presumably
an important source of error. It may be possible in
future studies to quantify the contribution made by
the background diet to the alkanes in each faeces
sample throughout the collection period. Such esti-
mates, in providing more appropriate background
alkane concentrations for subtraction, would be
expected to reduce errors in diet composition and also
intake estimates. In each faeces sample the alkanes
originating from the background diet could be
determined by carrying out a diet composition
calculation including the background diet as an
additional dietary component. For this approach to
be effective, the background diet would need to have
a different pattern of alkanes to the test diet but a
similar total alkane composition. The background
diet used for both experiments described in this paper
had alkane concentrations which were too low for this
method of background correction to be adequately
tested. Excretion curves were of higher amplitude
relatively to background concentrations in Expt 2 and
this was reflected in the greater accuracy of proportion
estimates in this case.

The time-scale of consumption of the test feeds
could also potentially influence the precision of
estimates of diet proportions. In both experiments
reported here the timing of offering different test feeds
ensured that excretion of n-alkanes from the different
components followed similar time courses. The forms
of the different feed components were also broadly
similar ensuring similar rates of passage. A temporal
shift in excretion of n-alkanes from different com-
ponents due to diurnal feeding patterns or differential
rates of passage could be a source of error. This
would particularly be the case where instantaneous
concentrations were used for the estimation of
proportions (e.g. ‘curve maximum’ and ‘point ’
methods). Use of average concentrations across time
(e.g. ‘area under curve’ or ‘slice average’) would tend
to reduce this particular source of error (although
these methods could also be associated with other
sources of error as described above).

The extent to which recoveries of dosed n-alkanes
reflect those of n-alkanes present in food components
could represent a significant source of error in
estimates of proportions. Dosing with artificial n-
alkanes allows correction for differential recovery of

natural n-alkanes prior to calculation of proportions.
The phenomenon of greater recovery of n-alkanes
with increasing chain length is now well established in
ruminants (Dove & Mayes 1991) and in previous
experiments administration of homologous n-alkanes,
not present in the diet, has made recovery correction
possible. In both experiments the relative recovery
(although not the absolute recovery) of the two dosed
n-alkanes reflected well the relative recovery of
herbage n-alkanes allowing appropriate correction of
herbage n-alkane recoveries. In Expt 2 absolute faecal
recoveries of n-alkanes were lower than in previously
reported experiments (Dove & Mayes 1991) but there
is no readily obvious explanation for this.

Errors associated with intake estimates

In the same way that determinations of dietary
proportions depend on the amplitude of the excretion
curves derived from test feeds relative to baseline
excretion rates, the degree to which excretion curves
rise above baseline has an important influence on the
accuracy of estimates of intake. High background
excretion rates of n-alkanes of interest will tend to
reduce the certainty with which n-alkane excretion
can be specifically attributed to test feeds. This was
probably the main contributory factor to the error
associated with intake estimates in Expt 1 where
excretion curves of low amplitude limited the precision
of deriving meaningful faecal n-alkane parameters.
Even in this less than ideal scenario, it was possible to
derivemeaningful estimates of intake by concentrating
on samples at the peak of the n-alkane excretion
curves. The more clearly defined excretion curves in
Expt 2 were reflected in the greater precision with
which intake could be estimated in this experiment.

Intake estimates require values for the n-alkane
composition of the feed consumed and this relies on
estimates of dietary proportions. Errors in estimating
dietary proportions will therefore be carried through
to errors in estimates of intake. Intake estimates
assume the recoveries of dosed and herbage n-alkanes
used in the calculation to be identical. This assumption
is met to varying degrees depending on which n-
alkane pair is used. Because the increase in recovery
with C-chain length declines as C-chain length
increases, intake estimates are likely to be less accurate
when shorter C-chain length n-alkanes are used in
calculations compared with estimates using longer C-
chain n-alkanes. This was borne out in the results of
Expt 2 since the use of sprayed even-chain n-alkanes
adjacent to dosed C

$%
-alkane tended to produce more

precise intake estimates than when C
#'

-alkane and
adjacent even-chain n-alkanes were used. Errors
associated with differential recoveries of dosed and
herbage n-alkanes can be reduced by using means of
intake estimates calculated using the two n-alkanes
adjacent to the dosed n-alkane (e.g. C

#%
:C

#'
and
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C
#)

:C
#'

-alkane). Adoption of this approach led to
improvements in intake estimation. Curvilinearity in
the recovery of n-alkanes with chain length would
tend to introduce error to these mean values but such
an approach would nonetheless always be expected to
improve intake estimates. Another factor which can
lead to error is the absolute concentration of the
herbage n-alkane used in intake calculations in the
feed consumed. Use of n-alkanes present in low
concentrations, relative to background concentra-
tions, in the food consumed will tend to produce
spurious intake estimates. This can be avoided by
selecting n-alkanes for use in intake estimates on the
basis of estimated dietary proportions. Use of the
predominant n-alkane in cabbage (C

#*
-alkane) when

cabbage predominated in the diet and the predomi-
nant n-alkane in spinach (C

$"
-alkane) when spinach

predominated improved intake estimation in Expt 1.
Temporal shifts in excretion patterns of dosed,

relative to herbage n-alkanes will lead to large errors
in intake estimation, especially when instantaneous
faecal n-alkane concentrations are used in calcu-
lations. One of the assumptions of the modification of
the n-alkane method employed here is that faecal n-
alkane parameters derived from excretion curves
provide a good approximation of relative total faecal
output of n-alkanes consumed on the measurement
day. Discrepancies in the time course of excretion of
dosed and herbage n-alkanes, resulting from dif-
ferential passage rates or temporal differences in n-
alkane inputs, will tend to erode this assumption. In
Expt 1, animals were dosed twice per day to spread
the input of dosed n-alkanes over time to mimic
natural n-alkane inputs. Because of the lack of
definition of herbage n-alkane excretion curves,
comparison of the time course of n-alkane excretion
was not possible (Fig. 2). In Expt 2, dosed n-alkanes
were given at the start of the 24-h feeding period and
this was reflected in earlier peak maxima for dosed
than for herbage n-alkanes (Fig. 3). In Expt 2, use of
the ‘area under curve’ method of calculating con-
centration summaries tended to reduce discrepancies
in estimates of faecal n-alkane output due to the
diurnal pattern of dosed and herbage n-alkane
excretion and this method yielded more precise intake
estimates than those relying on instantaneous n-
alkane concentrations (e.g. ‘point ’ and ‘curve maxi-
mum’ methods).

The method assumes that n-alkanes absorbed onto
paper bungs prior to artificial administration are
recovered to the same extent as n-alkanes present in
the surface wax of food plants. There was some
evidence that this assumption was not fully satisfied
since in Expt 1, dosed n-alkanes were recovered to a
marginally greater extent than herbage n-alkanes.
This may have had some influence on the precision of
intake estimates in this experiment. In Expt 2,
recoveries of dosed and herbage n-alkanes were not

significantly different and this may have reflected the
fact that herbage n-alkanes were artificially applied to
herbage and their behaviour in the digestive tract may
have been similar to that of dosed n-alkanes. Mayes et
al. (1997) demonstrated that the mean retention times
of artificial n-alkanes sprayed onto herbage and their
distribution between liquid and particulate phases of
abomasal digesta were different from the natural n-
alkanes of herbage. The mean retention times for
sprayed n-alkanes (Mayes et al. 1997) were similar to
those administered in shredded-paper pellets and in
paper bungs (Giraldez et al. 1997).

Applicability to outdoor grazing conditions

The feasibility of using this method outdoors depends
on the information required and the food plants being
consumed. On the basis of the results presented here,
accurate estimates of dietary proportions should be
possible using a single sample collected 24 h after the
mid-point of the period during which test foods are
being consumed. In outdoor conditions, the variability
in alkane concentrations of food plants and the
temporal pattern of excretion of alkanes could be
greater than in the indoor conditions tested in the
current work. Furthermore, under grazing conditions,
an animal’s diet composition may vary considerably
through the day whilst the test diets are being offered.
For these reasons, one might expect larger errors
under outdoor grazing conditions than under the
controlled indoor conditions of the current exper-
iment. Further work imposing more variable con-
ditions would help to fully validate the current method
for outdoor conditions. The results suggest that single
samples are insufficient for accurate intake estimates.
Ideally, intake estimation would require samples to be
collected at least twice-daily for 96 h after the end of
the period during which test foods are being con-
sumed. A further factor influencing the practical
usefulness of the method is the question of differences
in n-alkane concentrations between test and back-
ground feeds. Whilst such differences should ideally
be as large as possible, it is difficult to envisage many
experimental situations in which the choice of plant
species on offer could be radically changed over a
short space of time as was the case in Expt 1.
Furthermore, for accurate intake estimates to be
determined using the assumption that the background
feed alkane concentrations in faeces are constant, the
intake, digestibility and n-alkane concentrations of
the background feed need to be relatively constant ;
this may not be the case with grazing animals. One
means of constraining the variability of the faecal
alkane concentrations whilst animals are receiving the
background diet would be to house the animals and
offer restricted amounts of the background diet before
and after the period of offering test feeds. The effects
of such gross changes in diet and environment on the
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validity of the results would have to be considered. In
most situations the method of choice would be to
spray artificial, even-chain alkanes onto food plants,
since the natural concentrations of these alkanes are
normally very low. There may be scope for applying
artificial alkanes at a much higher rate than used in
Expt 2 and this would reduce errors due to variation
in background concentrations. Quantification of the
contribution of alkanes from the background diet to
the alkane complement of each faeces sample, as
described above, could also be useful in outdoor
grazing conditions. Use of such an approach would
minimize error due to variation in intake and
digestibility of the background diet provided its
alkane composition remained constant. Development
of such an approach would be a fruitful area of
further study.

In conclusion, this modification of the n-alkane
technique for estimating diet composition and intake
in the short term provides estimates of dietary
proportions of high absolute accuracy. Intake esti-
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