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Molecular scatology: the use of molecular genetic analysis
to assign species, sex and individual identity to seal faeces
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Abstract
Seals and commercial fisheries are potential competitors for fish and cephalopods.
Research into the diet of British seal species has been based on conventional dietary
analyses, but these methods often do not allow assignment of species identity to scat samples. We present a protocol for obtaining DNA from seal scat (faecal) samples which can
be used in polymerase chain reactions to amplify both nuclear and mitochondrial DNA.
This can provide a method of identifying the species, sex and individual identity of the
seal, from a particular scat sample. Combined with conventional dietary analyses these
techniques will allow us to assess sources of variation in seal diet composition.
Scat samples have been collected from intertidal haul-out sites around the inner Moray
Firth, north-east Scotland. We have assessed methods to extract and purify faecal DNA, a
combination of DNA from the individual seal, prey items, and gut bacteria, for use in
PCR. Controls using faecal and blood samples from the same individual have enabled
microsatellite primer sets from four pinniped species to be tested. Approximately 200 scat
samples have been examined for species identity and individual matches. This study will
provide essential information for the assessment of interactions between seals and commercial or recreational fisheries.
Keywords: microsatellites, VNTR, DNA extraction, faecal DNA, diet, pinnipeds
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Introduction
Seals are potential competitors with commercial fisheries
for the same basic resources: fish and cephalopods.
Around the UK coast there is concern that both grey seals
Halichoerus grypus and harbour seals Phoca vitulina may
impact fisheries, and considerable research effort has been
put into assessing their diet (Prime & Hammond 1990;
Pierce et al. 1991a,b; Hammond et al. 1994; Tollit &
Thompson 1996). Such studies have generally been based
on analyses of prey hard parts (fish otoliths and cephalopod beaks) recovered from scat samples (Pierce & Boyle
1991). Hard part analysis is a noninvasive technique and
allows dietary data to be gathered from many animals, but
is constrained because scat samples cannot be assigned to
seal species or individual seals.
Species identification is necessary because grey and
Correspondence: Jane Z. Reed. University of Cambridge,
Department of Zoology, Cambridge CB2 3EJ. Tel.: +44-(0)1223336677. Fax: +44-(0)1223-336676. E-mail: jzr@mole.bio.cam.ac.uk

© 1997 Blackwell Science Ltd

harbour seals form mixed species haul-out groups in
many areas around the UK. Data from radio telemetry and
satellite tracking studies of grey and harbour seals have
shown that while harbour seals tend to forage in relatively restricted inshore areas with average foraging ranges of
a few tens of kilometres, grey seals tend to range much
more widely, moving between foraging sites that may be
more than 100 km distant (Thompson et al. 1991; 1993,
1994; McConnell et al. 1992, 1994). These data suggest that
the diets of the two species, although hauling out in the
same areas, may differ considerably.
Even where sites are used by only one species, there
may be considerable intraspecific variation in diet. Sexand age-related differences in body size may influence
diet (Frost & Lowry 1986). Studies of other marine mammals also suggest that individual differences in foraging
techniques (Hoelzel et al. 1989) and foraging areas
(Clapham & Mayo 1987; Thompson & Miller 1990) could
result in individual variation in diet within a population.
To study feeding preferences amongst seals, serial samples must be obtained from the same individual. In some
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species studies have used stomach lavage (Antonelis et al.
1987) or enema, but this requires multiple captures therefore sample sizes will be small. However, telemetry
studies have shown that individual seals often return regularly to favourite haul-out sites (Thompson et al. 1989).
Thus if techniques can be developed to assign scat samples
to particular individuals, serial samples could be collected.
Faeces usually contain cells sloughed from the rectal
lining, and hence DNA from the defaecator. Recent studies have extracted DNA from faecal samples of Italian
brown bears (Höss et al. 1992; Kohn et al. 1995), baboons
(Constable et al. 1995) and bonobos (Gerloff et al. 1995) for
studies of kinship and population genetic variation. These
studies use molecular scatology techniques based on the
polymerase chain reaction (PCR) to amplify the target
DNA of interest, from the host individual or from food
items. Because PCR amplifies a small amount of target
DNA it is useful when the original DNA sample is small,
old or degraded, or contaminated in some way, and
enables the same DNA sample to be tested many times.
There are a variety of molecular genetic markers that
can be used to study the population and evolutionary
genetics of a wide range of organisms. For information on
species and individual identity, we chose microsatellite
markers. Microsatellites are highly variable, nuclear DNA
markers, that are abundant throughout the eukaryotic
genome and are thought to be predominantly selectively
neutral (Litt & Luty 1989; Tautz 1989; Weber & May 1989)
and their utility for population, kinship and relatedness
studies is well documented (Bruford & Wayne 1993;
Queller et al. 1993). Several studies have shown that some
microsatellite primers can amplify products of different
sizes across several related species (Moore et al. 1991;
Coltman et al. 1996; Valsecchi & Amos 1996), and this
enables their use in species differentiation. For the sex
determination of individuals, PCR amplifications of X or Y
chromosome-specific sequences are used, such as the X–Y
homologous amelogenin gene (Gill et al. 1994) and the SRY
gene (Griffiths & Tiwari 1993; Taberlet et al. 1993; Kohn et
al. 1995 ).
This paper reports on a preliminary study to assess the
feasibility of extracting DNA from scat samples collected
from seal haul-out sites, and using genetic markers to
identify the individual origin of the scat sample.

Materials and Methods
Sample site
Since 1987, scat samples have been collected from intertidal haul-out sites in the inner Moray Firth, NE Scotland
(Tollit & Thompson 1996), used by both harbour seals and
grey seals. All samples have been subjected to standard
dietary analysis (Pierce et al. 1991b; Tollit & Thompson 1996).

Sample collection
Subsamples have been taken for DNA analysis from
winter 1992 to the present, scraped from the surface of
each scat to reduce the chance of removing prey hard parts
from the main part of the sample and to increase the
chance of obtaining sloughed seal gut cells. Each subsample, comprising ≈ 0.5 mL of faecal material, was stored
in a 5-mL bijou tube, and frozen at –20 °C within 24 h of
collection; the rest of each individual sample was used for
hard part analysis (Tollit & Thompson 1996). To avoid
cross-contamination, all scat samples were collected and
labelled individually, unless it was clear from seal tracks
that separate samples were definitely from one animal.
Samples were assessed by eye for colour and texture, to
see if there were correlations with freshness, DNA extraction success, and analytical tractability.
During a regular capture–release programme, blood
samples were collected from wild harbour seals for a
variety of studies (Thompson et al. 1992). Whenever seals
defaecated during handling, matched blood and scat samples were taken as positive controls. A total of eight paired
blood–scat samples were collected.

DNA extraction
Faecal material is likely to contain relatively low concentrations of seal DNA, much of which will be degraded
(Kohn et al. 1995). In addition, previous studies have
shown that faeces can contain strong PCR inhibitors
(Deuter et al. 1995; Kohn et al. 1995). A suitable protocol
must therefore extract as much DNA as possible from each
sample, remove any potential PCR inhibitors, and yet be
quick and simple, to enable mass screening of many samples. We therefore assessed a range of DNA extraction
protocols.
Method A: boiling in water. Boiling lyses cells, and this
method has been used for extracting DNA from epithelial
cells in urine (Gasparini et al. 1989). Approximately 150 mg
of scat were suspended in 500 µL water and boiled for
20 min, then centrifuged and the supernatant taken.
Method B: boiling in Chelex-100. Chelex-100 is an alkaline
chelating resin for polyvalent metal ions, and has been
used to extract DNA from forensic or archival materials
(Walsh et al. 1991, Wang et al. 1994). Method B was similar to
method A except the scat was suspended in 10% Chelex-100
resin solution (Bio-Rad, Hercules, CA, USA) prior to boiling.
Method C: proteinase K digestion (Maniatis et al. 1982).
Approximately 150 mg of scat was suspended in 500 µL of
digestion solution containing 1% SDS, 20 mM EDTA
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pH 8.0, 50 mM Tris-HCl pH 8.0, 100 mM NaCl, and
0.2 mg/mL proteinase K. The samples were incubated
with rotation overnight at 37 °C.
The above cell lysis methods were followed by purification with phenol then chloroform and precipitation with
lithium chloride and ethanol (Maniatis et al. 1982); or glass
milk purification; or Promega Wizard DNA clean-up kits,
which use a guanidium thiocyanate solution with a DNAbinding resin, which is loaded on to mini-columns for
washing and then elution.
Method D: guanidium thiocyanate and glass milk. Guanidium
thiocyanate (GuSCN) is a strong protein denaturant which
lyses cells and inactivates nucleases, and DNA will bind to
silica particles in the presence of GuSCN (Boom et al.
1990). This method has been used successfully to extract
DNA from ancient bone (Höss & Pääbo 1993) and from
faeces (Höss et al. 1992; Santos & Gouvea 1994; Kohn et al.
1995). Approximately 150 mg of scat was suspended in
900 µL of extraction buffer (5 M GuSCN, 0.1 M Tris-HCl pH
6.4, 0.02 M EDTA pH 8.0 and 1.3% Triton X-100) and
incubated with rotation for 10 min. Extracts were then
centrifuged, 20 µL of glass milk were added to the supernatant, and the solution was incubated with rotation for
10 min. The glass milk was washed twice with 500 µL of
washing buffer (5 M GuSCN, 0.1 M Tris-HCl pH 6.4, 0.02 M
EDTA pH 8.0), twice with ethanol washing buffer (10 mM
Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA and 50%
ethanol), dried at 37 °C for 15–20 min, and DNA was
eluted by incubating the glass milk with 100 µL TE pH 8.0
at 55 °C for 10 min.
All extractions were carried out in a fume hood; laboratory utensils were acid-washed to prevent contamination.

Table 1 Primers tested for amplification from scat
DNA. Primers either gave no product from scat
DNA (–), or amplified poorly (*), adequately (**) or
well (***)

Extracted DNA in TE pH 8.0 was stored at – 20 °C. For
PCR, an aliquot of the DNA solution was used at 1 in 100
dilution in water. Care was taken throughout the procedure to ensure no cross-contamination, and negative
controls (water or TE buffer without any faecal material)
were taken through the whole extraction procedure. If any
of the negative controls gave a positive result, those
extractions and/or the PCR results were discarded.

DNA primer sets
Microsatellites. Eighteen sets of microsatellite primers were
tested (Table 1): eight grey seal primer sets (Allen et al.
1995); six harbour seal primer sets (Goodman 1995); two
South American fur seal Arctocephalus australis primer sets
(N. Gemmell, Department of Genetics, University of
Cambridge, UK); and two northern elephant seal Mirounga
angustirostris primer sets (R. Hoelzel, Department of
Biological Sciences, University of Durham, UK). Primer
sequence information and accession numbers can be
found in (Allen et al. 1995), Goodman (unpubl. data) and
Gemmell et al. (unpubl. data).
Sex determination. PCR primers designed to amplify the
conserved region of the SRY gene in sperm whales were
used (Richard et al. 1994).
Mitochondrial DNA. Mitochondrial DNA is likely to be present in the scat extracts in greater quantity than nuclear
DNA. Therefore, as a test of whether the DNA was suitable for PCR, a fragment of the mitochondrial DNA was
amplified from some DNA extracts using primers for a
520-bp segment of the seal mitochondrial control region:

Primer

Species

Allele size range

Product in scat

Hg0
Hg3.6
Hg4.2
Hg6.1
Hg6.3
Hg8.9
Hg8.10
Hgdii
Pv2
Pv3
Pv10
Pv11
Pv16
Pv17
M2b
M11a
Aa4
Aa6

Grey seal
Grey seal
Grey seal
Grey seal
Grey seal
Grey seal
Grey seal
Grey seal
Harbour seal
Harbour seal
Harbour seal
Harbour seal
Harbour seal
Harbour seal
N.Elephant seal
N.Elephant seal
S.American fur seal
S.American fur seal

156–162
85–101
139–165
150–166
219–229
197–217
183–201
111–141
160 +
247–350
134–136
152–166
?
?
150 +
140–144
204–216
> 300

–
–
**
***
**
**
***
**
–
–
*
***
–
–
–
***
***
*
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ThrL 16272 (Stanley et al. 1996) and DLH, 16750
(Wilkinson & Chapman 1991).

PCR amplification
Polymerase chain reactions for microsatellite amplification were carried out in 10 µL volumes, each containing
1 µL of DNA extract, 1 µL PARR-Excellence buffer
(Cambio) 0.5 mM MgCl2, 0.2 mg/mL bovine serum albumin (Sigma), 100 µM each of dATP, dGTP and dTTP, 10 µM
dCTP, 30 mM TMAC (tetramethylammonium chloride)
and 2% formamide (Gemmell 1996), 0.2 µM of each primer,
0.5 U Taq polymerase enzyme, 0.025 µL P32-dCTP, and
sterile distilled water to 10 µL. Amplifications were carried out in a Hybaid OmniGene thermal cycler using 96well microtitre plates, with 34 cycles in a two-step PCR
protocol (Allen et al. 1995). PCR products were separated
on polyacrylamide sequencing gels and visualized using
X-ray sensitive film. Allele sizes were scored against a
standard M13 sequence ladder and amplifications from
known seal DNA samples. For mitochondrial DNA,
amplifications were performed without P32-dCTP, the
reaction mix contained 100 µM of each dNTP, and the
products were run out on 2% agarose gels. Negative
controls of water or TE were included in each PCR run to
control for possible contamination.

Data analysis
The scat sample colour and texture data were assessed for
DNA extraction success by χ2 analysis. Probabilities of
genotype identity for any given locus were calculated
using the formula:
I=

Σp
i

4

i

+

ΣΣ (2 p p )
i

j Li

i j

seal or as a harbour seal and assigned the scat to the
species where its expected genotype was highest. The
calculation was a product of the expected genotype frequencies at each of the five loci, based on allele frequency
distribution data from 605 known grey seals (Allen 1995)
and 970 known harbour seals (Goodman 1995). For the
loci without previous allele frequency data (Aa4, M11a) 40
grey and 45 harbour seals were screened as part of this
study. As in the polar bear study (Paetkau et al. 1995), a
modification was made to the assignment test to prevent
getting expected genotype frequencies of zero which
would occur, for example, for a harbour seal scat sample
with an allele that is not present in grey seals. Genotype
frequencies of zero were treated as very rare alleles
(approximate frequency range: 0.001–0.0001). The assignment test was carried out using Microsoft Excel 4.0.

Results
DNA extraction
The efficiency of the different DNA extraction methods
from scat samples was assessed by agarose gel electrophoresis and by PCR using both microsatellite primers
and mitochondrial D-loop primers (see Fig. 1). On agarose
gels, methods C and D (proteinase K + Promega Wizard
clean-up; guanidium thiocyanate + glass milk) provided
visible DNA from a greater proportion of the samples
tested compared to methods A and B. Methods C and D
also gave positive PCR results with the mitochondrial and
microsatellite primers from a greater proportion of DNA
extractions. Overall, DNA yields from scat samples were

2

where pi and pj are the frequencies of the ith and jth alleles
for a particular locus in the population (Paetkau et al.
1995). Overall genotype identity is then calculated as the
product of the identity probabilities over all loci. These
calculations used known seal allele frequency distributions, and assumed random mating and linkage equilibrium within a population.
Genotype matches across all scat samples were determined by a purpose-written program in TurboBasic. This
programme makes all-against-all genotype comparisons
on the complete data set. Any matches identified were
then linked to sampling date, site, and prey information.
For species identification, an ‘assignment’ test was
developed using the same approach as that used to differentiate Canadian polar bear populations (Paetkau et al.
1995). This assignment test calculated the expected frequency of an individual scat’s genotype either as a grey

Fig. 1 DNA extraction success rate for the different methods, with
the number of scat samples extracted in the initial trials: boiling in
water (method A; n = 15) boiling with Chelex-100 (method B;
n = 15), proteinase K digestion (method C; n = 20) and guanidium
thiocyanate extraction (method D; n = 20), showing the proportion of DNA visible by agarose gel electrophoresis, and the proportions amplifiable by PCR for a seal-specific mitochondrial
fragment or for a seal-specific microsatellite marker.
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Table 2 Extraction success rate, assessed by the number of
positive microsatellite loci amplified for all scat samples,
and broken down according to the texture classes: sandy,
earthy or slimy. The total number of each category of scat is
given in parentheses; the data are presented as percentages
of the total number of scat samples

Number of loci
amplified

All scats
(n = 173)

Earthy
(n = 112)

Sandy
(n = 30)

Slimy
(n = 31)

0
1
2
3
4
5

6.9%
15.6%
17.9%
12.1%
28.3%
19.1%

8.9%
18.8%
15.2%
10.7%
28.6%
17.9%

3.3%
10.0%
40.0%
16.7%
16.7%
13.3%

3.2%
9.7%
6.5%
12.9%
38.7%
29.0%

of variable quantity and quality, with few scat samples
giving high molecular weight genomic DNA, while for
most samples very little DNA was visible on an agarose
gel. This was not a reliable indication of whether PCR
amplifications would be successful, possibly because
much of the DNA present may be from bacterial or prey
species present in the scat sample
The DNA extraction success rate, assessed by the number of loci amplified from zero to five, is shown in Table 2.
In total, 173 scat samples were extracted using method C
(proteinase K digestion + Promega Wizard clean-up).
Over 85% of scat samples extracted gave DNA that gave a
positive PCR result for at least one microsatellite locus and
82 of the scat samples gave DNA that amplified for 4–5 of
the five loci chosen for screening. Some scat samples did
not provide any positive PCR amplification after the first
extraction. For 10 of these, repeat extractions and screening were carried out; three out of 10 gave a positive PCR
result but the remaining seven out of 10 were intractable,
and no amplifications of seal DNA were possible. The
crude classification of samples into texture (earthy, sandy
or slimy) and colour (green–brown or brown) classes
showed significant heterogeneity (χ2 = 20.17, d.f. = 8,
P < 0.01) in relation to whether a sample would provide
good-quality DNA (see Table 2), with a tendency for slimy
scat samples to provide DNA amplifiable for more loci.
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screened for these five primer sets. To increase the specificity of the PCR amplifications, TMAC and formamide
were used, and these were found to cut down amplification of spurious bands (Gemmell 1996). At low specificity,
primer–dimer formation was generally seen, indicating
that inhibition of the Taq polymerase did not occur.

Data analysis
Species identification. The microsatellite allele frequency
data for grey and harbour seals are shown in Fig. 3, and
allow each scat sample to be assigned to one or other
species. One microsatellite primer set (Aa4) has nonoverlapping allele size ranges in grey and harbour seals, and
the remainder have some overlap, although with different
allele frequency distributions in each species. The probability of whether a sample could be from a grey or harbour
seal is plotted in Fig. 4 and the clustering of the scat
samples into either the grey seal group or the harbour seal
1

2

3

4

5

6

7

8

9

10

11 12

PCR amplification
The 18 pinniped microsatellite primer sets were assessed
for robust amplification from DNA extracted from scat
samples, as the DNA quality and quantity would be lower
compared with DNA extracted from skin or blood samples.
It was important to choose primers that gave polymorphic
products with different allele frequency distributions in
grey and harbour seals. Therefore, the known scat-blood
sample pairs were screened with the 18 microsatellite
primers (see Fig. 2, Table 1). Five primer pairs worked well
with standard PCR conditions on the scat DNA samples:
Hg6.1 and Hg8.10 (grey seal), Pv11 (harbour seal), M11a
(northern elephant seal) and Aa4 (South American fur
seal). All 173 scat samples and the scat-blood pairs were
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Fig. 2 Example of PCR amplifications from the scat–blood paired
control samples. Lanes 1–4, PCR products corresponding to four
individual blood samples; lanes 5–8, PCR products corresponding
to the four matched scat samples; lanes 9–10 negative controls for
extraction (amplification of an extract processed at the sample
time but without scat sample) and PCR amplification (without
template); lanes 11–12 marker sequence M13.
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Fig. 3 Allele frequency distribution, for
known grey seals and harbour seals (lefthand set of graphs) and for scat samples
(right-hand graphs).

group can be seen. Samples that fell near the 95% confidence limits were not assigned to a given species. Using
the assignment test, from the 82 scat samples with data for
four or five loci, 15 were identified as grey seals, 63 as harbour seals and four were not assigned (see Fig. 4). Of the
15 grey seal scat samples, 12 had been classified as probable harbour seal scat samples when collected, based on the
species of seals around the haul-out site at the time of collection. This highlights the potential mismatches from

behavioural observations when allocating scats to individuals at mixed haul-out sites.
Sex identification. The sperm whale SRY primers used
(Richard et al. 1994) gave a band of 152 bp in size for known
grey and harbour seal males, and no band from female
seals. In our hands, these primers were found to amplify a
152-bp product from human male DNA, under similar
amplification conditions to those used for sperm whale
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(Richard et al. 1994). All PCR reactions were carried out
with negative controls to check for cross-contamination.
All 173 samples were typed in duplicate for the presence
of the SRY gene. Of the 151 scat samples that gave at least
one positive microsatellite PCR product, 53 gave a band of
the expected length from the PCR, i.e. were male. A negative result from this test does not necessarily indicate a
female, as it may indicate that one particular PCR has failed.
Therefore, we examined the sex of the 82 scat samples with
data for four or five microsatellite loci, because these DNA
samples amplify well and so the sex test is likely to be
more reliable. Forty of the 82 samples gave a male-specific
PCR product.
Individual identification. From 82 samples which gave allele
data for 4–5 microsatellite loci, 15 matches were found,
giving a minimum of 67 unique individuals out of the 82
samples. Some of these matches may have occurred by
chance and more microsatellite loci may be needed for full
individual identity. Gene identity probabilities ranged
from 0.10 to 0.77, giving an overall probability of genotype
identity at all five loci of 6.6 × 10–4, equivalent to 1 in 1500.
This is therefore the probability that two individuals
drawn at random from the population have identical
genotypes by chance (Paetkau et al. 1995).
The eight paired scat-blood samples were screened in a
blind trial, and seven matches were found. One scat sample only gave data for two microsatellite loci and was
therefore not included in the genotype matching programme. These data show that the extraction and screening
methods provide a valid method of genotyping an individual seal from a scat sample.
The scat matches were classified into:
1 same-day matches – eight scat samples were found to be
matched pairs of individuals sampled at the same haulout site on the same day, and had been classed as different
scat samples during collection;
2 different-day matches – the sampling dates and sites differ. These matches will enable us to relate a group of samples
to one individual and allow us to assess dietary variation in
that individual. One scat sample collected on 8 September
1994 at the Inverness haul-out site matched another collected on 13 July 1993 at a different haul-out site, and a
blood sample collected from a harbour seal on 19 May
1994 was found to match three scat samples collected over
1–2 years from two sites.

Discussion
In this paper we show the utility of molecular analyses as
a tool to enhance hard-part diet analysis of seal faeces. An
efficient DNA extraction method is presented which
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enables DNA extraction and at least one microsatellite
marker amplification from 85% of all scat samples collected.
Use of five microsatellite markers and one sex-specific
marker allows a faecal sample to be linked to a specific
individual of defined species and sex.
Faecal sampling is one of the least intrusive of all sampling methods for dietary and other data, and allows
access to species and populations which would otherwise
be difficult to study (Hammond et al. 1994; Harkonen 1987;
Höss et al. 1992; Pierce et al. 1991a, b; Tollit & Thompson
1996). When combined with molecular genetic analysis,
the potential value of faecal sampling is greatly enhanced.
However, although most fresh faeces contain at least some
sloughed rectal cells from the depositing organism, recovering the DNA contained in these cells may not be
straightforward. Faeces are complex assemblages of biomolecules and contain substances known to interfere with
DNA analysis (Deuter et al. 1995; Kohn et al. 1995). Also,
the high bacterial content of faecal material, combined
with an initially warm and damp environment, might
cause rapid degradation of any DNA which was present
originally (Kohn et al. 1995). An effective method for purifying DNA is therefore of prime importance.
We examined a number of different extraction protocols. Preliminary trials conducted on very fresh material
and rectal swabs seemed to show that simply boiling in
water followed by DNA precipitation would be effective
(data not presented). However, when tested on a wider
range of field-collected samples, it was clear that alternative methods would be required. Of the four methods we
tested, none succeeded in isolating tractable DNA from all
samples. Those samples from which DNA cannot be
extracted successfully may be too old, or may have been
washed by one tide, so fewer sloughed rectal cells would
remain, or there may be a diet bias, with one particular
food item influencing whether the molecular techniques
are successful. Any such associations should become evident as more samples are analysed for both prey items by
hard part analysis and for individual or species identity by
molecular techniques. The method we identified as representing the best balance between success rate and experimental effort was an adaptation of the silica
matrix – guanidium thiocyanate method described by
Boom et al. (Boom et al. 1990). This method has been successfully adapted for DNA extraction from scat samples of
terrestrial mammals (Höss et al. 1992; Constable et al. 1995;
Kohn et al. 1995) but this is the first time it has been shown
to work for marine mammal faecal samples. We found
that from 85% of all faeces tested, amplifiable nuclear seal
DNA was obtained.
Given the vagaries of DNA extraction, it would be
beneficial if the physical appearance of each scat sample
could be used as an indication of whether molecular
analysis was likely to be successful. We found significant
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heterogeneity (P < 0.01) for the texture classes, with ‘slimy’
samples being more tractable and ‘sandy’ samples less
likely to yield a result. Because sliminess and freshness of
the scat sample are thought to be correlated, this indicates
that the fresher scats are more suitable for DNA analysis.
However, the effect is slight as slimy samples make up
only around 18% of samples analysed, and in fact all

(a)

(b)

Fig. 4 Probability plots from the assignment test. (a) shows the
distribution of scat sample data, for five loci and four loci, and (b)
is for known grey and harbour seals. –ln (Pgs) is the negative natural log of the probability of observing a particular genotype
given the allele frequency distributions of grey seals, and –ln (Phs)
is that given the allele frequency distribution of harbour seals. The
lines show x–y = 2 and y–x = 2 (Sokal & Rohlf 1995), which give
the 95% confidence limits for the assignment of the individuals to
the correct species.

texture/colour categories contained both samples which
were fully tractable and those that were not.
For molecular analysis of the faecal DNA, we used
nuclear DNA markers. Other studies have amplified mitochondrial DNA from scat samples to assess population
genetic variation (Höss et al. 1992; Kohn et al. 1995), as
there are generally more copies of mitochondrial DNA
than of most nuclear DNA. However, we were able to use
microsatellites for individual identity, and due to allele
distribution differences between grey seals and harbour
seals were able to use these data for species identity (Allen
et al. 1995; Goodman 1995). We screened microsatellite
primer sets from several pinniped species to find those
that would amplify well from scat DNA. After an initial
screen, five loci were found to be successful, another four
will be useful after further optimization, and nine primer
sets did not provide positive seal microsatellite amplifications from scat DNA. This may be due to interference from
prey species or bacterial DNA, inhibitors that co-purified
with the DNA during the extraction protocol, or it may be
due to the low DNA concentrations.
Among those samples which were typed for four or
five microsatellites and for their sex (82 out of 173 samples
tested), we have been able to assign species identity and
find some individual matches within these samples. A
total of 67 genotypes were recorded with 15 resamplings.
This number of unique genotypes, together with the low
proportion of resightings (most of which occurred on the
same day and site) and the formal validation through
matched blood–faeces sample pairs suggest that the five
microsatellites employed here can be used to discriminate
between most individuals in the population. However, in
view of the large number of pairwise comparisons which
would be made in a full survey it would be desirable to
verify putative genotype matches by typing for a further
three or four loci.
Species identification using the assignment test is clearly robust for the known grey and harbour seals (Fig. 4).
The ability to discriminate between species will depend on
the allele frequency distributions. Because allele frequency
distributions may differ between different breeding sites
within a species (Allen et al. 1995) this assignment test is an
approximation. However, the separate clusters of known
grey and harbour seals typed for the five loci used shows
that it is highly unlikely that allele frequency variation
between sites would detract significantly from the power
of this assignment test. Indeed, the most ambiguous individual shown on Fig. 4(b) is 4 × 1012 times more likely to be
a harbour seal than a grey seal. For the scat samples, the
assignment test appears robust with data points forming
two reasonably well-separated clouds (Fig. 4). The relative
abundance of grey and harbour seals is in good agreement
with the frequencies of these species at the haul-out sites,
although molecular analysis showed that around 12% of
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the scat samples were originally misclassified with respect
to species.
Finally, there appears to be a good match between the
sex ratio determined by molecular typing and that expected
from field observations. Further confirmation that the sex
test is robust is given by the fact that all negative and positive controls were correct, and reamplifications yielded
consistent sexings. An internal PCR control could also provide a more robust test, and would be useful especially if
the experimenter were male, but to date we have not
found suitable primers for coamplification with the SRY
primer set for DNA extracted from seal scat samples.
In conclusion, we have demonstrated that molecular
scatology can be used effectively to assign individual, sex
and species identity to faecal samples, which when combined with dietary data gained from hard-part analysis of
faecal samples will enable assessment of both individual
and species-specific dietary preferences. Molecular scatology techniques could also be used to provide data for
population genetic studies as it would enable samples to
be collected from more individuals than would be feasible
if blood or tissue samples were used. However, our results
suggest that, whereas most samples can be analysed, a
significant proportion are recalcitrant. It is unclear
whether this situation can be improved upon, and we
must therefore remain aware of potential sampling biases,
as with other approaches, particularly the possibility that
molecular tractability is related in some why to diet or to
one or more of the traits being determined: sex, species or
individual identity.

Acknowledgements
The authors would like to thank all those who have helped with
scat collection and P. Allen and S. Goodman, University of
Cambridge, for provision of microsatellite primers and DNA
from known seals. We also thank P. Allen and N. Gemmell for
constructive comments on the manuscript. This work was funded
by the NERC and by a series of contracts from the SOAEFD.

References
Allen PJ (1995) Molecular analysis of grey seal (Halichoerus grypus)
breeding systems. PhD thesis, Cambridge University.
Allen PJ, Amos W, Pomeroy PP, Twiss SD (1995) Microsatellite
variation in grey seals (Halichoerus grypus) shows evidence of
genetic differentiation between 2 British breeding colonies.
Molecular Ecology, 4, 653–662.
Antonelis GA, Lowry MS, Demaster DP, Fiscus CH (1987)
Assessing Northern Elephant Seal feeding habits by stomach
lavage. Marine Mammal Science, 3, 308–322.
Boom R, Sol CJA, Salimans MMM et al. (1990) Rapid and simple
method for purification of nucleic acids. Journal of Clinical
Microbiology, 28, 495–503.
Bruford MW, Wayne RK (1993) Microsatellites and their application to population genetic studies. Current Opinion in Genetics
and Development, 3, 939–943.

© 1997 Blackwell Science Ltd, Molecular Ecology, 6, 225–234

233

Clapham PJ, Mayo CA (1987) Reproduction and recruitment of
individually identified Humpback whales, Megaptera novaeangliae, observed in Massachusetts Bay, 1979–1985. Canadian
Journal of Zoology, 65, 2853–2863.
Coltman DW, Bowen WD, Wright JM (1996) PCR primers for harbour seal (Phoca vitulina concolour) microsatellites amplify
polymorphic loci in other pinniped species. Molecular Ecology,
5, 161–163.
Constable JJ, Packer C, Collins DA, Pusey AE (1995) Nuclear
DNA from primate dung. Nature, 373, 292.
Deuter R, Peitsch S, Hertel S, Muller O (1995) A method for preparation of faecal DNA suitable for PCR. Nucleic Acids Research,
23, 3800–3801.
Frost KJ, Lowry LF (1986) Sizes of Walleye Pollock, Theragra
chalcogramma, consumed by marine mammals in the Bering
Sea. Fishery Bulletin, 84, 191–202.
Gasparini P, Savoia A, Pignatti PF, Daltapiccola B, Novell G
(1989) Amplification of DNA from epithelial cells in urine.
New England Journal of Medicine, 320, 809.
Gemmell N (1996) Enhancement of microsatellite amplification
using tetramethylammonium chloride and formamide
(TMACIDE). Trends in Genetics, in press.
Gerloff U, Schlotterer C, Rassmann K et al. (1995) Amplification of
hypervariable simple sequence repeats (microsatellites) from
excremental DNA of wild living Bonobos (Pan paniscus).
Molecular Ecology, 4, 515–518.
Gill P, Ivanov PL, Kimpton C et al. (1994) Identification of the
remains of the Romanov family by DNA analysis. Nature
Genetics, 6, 130–135.
Goodman SJ (1995) Molecular Population Genetics of European
Harbour Seals (Phoca vitulina) with References to the 1988
Phocine Distemper Virus Epizootic. PhD thesis, Cambridge
University .
Griffiths R, Tiwari B (1993) Primers for the differential amplification of the sex-determining region Y gene in a range of mammal species. Molecular Ecology, 2, 405–406.
Hammond PS, Hall AJ, Prime JH (1994) The diet of grey seals
around Orkney and other island and mainland sites in northeastern Scotland. Journal of Applied Ecology, 31, 340–350.
Harkonen T (1987) Seasonal and regional variations in the feeding
habits of the harbour seal, Phoca vitulina, in the Skagerrak and
the Kattegat. Journal of Zoology, 213, 535–543.
Hoelzel AR, Dorsey EM, Stern SJ (1989) The foraging specializations of individual Minke whales. Animal Behaviour, 38,
786–794.
Höss M, Kohn M, Pääbo S, Knauer F, Schroder W (1992)
Excrement analysis by PCR. Nature, 359, 199.
Höss M, Pääbo S (1993) DNA extraction from Pleistocene bones
by a silica-based purification method. Nucleic Acids Research,
21, 3913–3914.
Kohn M, Knauer F, Stoffella A, Schroder W, Pääbo S (1995)
Conservation genetics of the European brown bear – a study
using excremental PCR of nuclear and mitochondrial
sequences. Molecular Ecology, 4, 95–103.
Litt M, Luty JA (1989) A hypervariable microsatellite revealed by
in vitro amplification of a dinucleotide repeat within the cardiac muscle actin gene. American Journal of Human Genetics, 44,
397–401.
Maniatis T, Fritsch EF, Sambrook J (1982) Molecular Cloning (A
Laboratory Handbook). Cold Spring Harbor Laboratory, Cold
Spring Harbor, New York.
McConnell BJ, Chambers C, Nicholas KS, Fedak MA (1992)

234

J.Z.REED ET AL.

Satellite tracking of grey seals (Halichoerus grypus). Journal of
Zoology, 226, 271–282.
McConnell BJ, Fedak MA, Lovell P, Hammond PS (1994) The
Movements and Foraging Behaviour of Grey Seals. MAFF.
Moore SS, Sargeant LL, King TJ, et al. (1991) The conservation of
dinucleotide microsatellites among mammalian genomes
allows the use of heterologous PCR primer pairs in closely
related species. Genomics, 10, 654–660.
Paetkau D, Calvert W, Stirling I, Strobeck C (1995) Microsatellite
analysis of population structure in Canadian polar bears.
Molecular Ecology, 4, 347–354.
Pierce GJ, Boyle PR (1991) A review of methods for diet analysis
in piscivorous marine mammals. Oceanography and Marine
Biology, 29, 409–486.
Pierce GJ, Miller A, Thompson PM, Hislop JRG (1991a) Prey
remains in grey seal (Halichoerus grypus) faeces from the
Moray Firth, north-east Scotland. Journal of Zoology, London,
224, 337–341.
Pierce GJ, Thompson PM, Miller A, et al. (1991b) Seasonal variation in the diet of common seals (Phoca vitulina) in the Moray
Firth area of Scotland. Journal of Zoology, London, 223, 641–652.
Prime JH, Hammond PS (1990) The diet of grey seals from the
south-western North Sea assessed from analyses of hard parts
found in faeces. Journal of Applied Ecology, 27, 435–447.
Queller DC, Strassmann JE, Hughes CR (1993) Microsatellites and
kinship. Trends in Ecology and Evolution, 8, 285–289.
Richard KR, McCarrey SW, Wright JM (1994) DNA sequence from
the SRY gene of the sperm whale (Physeter macrocephalus) for
use in molecular sexing. Canadian Journal of Zoology, 72,
873–877.
Santos N, Gouvea V (1994) Improved method for purification of
viral DNA from faecal specimens for rotavirus detection.
Journal of Virological Methods, 46, 11–21.
Sokal RR, Rohlf FJ (1995) Biometry: The Principles and Practice of
Statistics in Biological Research. W.H. Freeman & Co., New
York.
Stanley HF, Casey S, Carnahan JM et al. (1996) Worldwide patterns of mitochondrial DNA differentiation in the harbor seal
(Phoca vitulina). Molecular Biology and Evolution, 13, 368–382.
Taberlet P, Mattlock H, Dubois-Paganon C, Bouvet J (1993) Sexing
free ranging brown bears Ursus arctos using hairs found in the
field. Molecular Ecology, 2, 399–403.
Tautz D (1989) Hypervariability of simple sequences as a general
source for polymorphic DNA markers. Nucleic Acids Research,
17, 6463–6471.
Thompson D, Hammond PS, Nicholas KS, Fedak MA (1991)
Movements, diving and foraging behaviour of grey seals
(Halichoerus grypus). Journal of Zoology, London, 224, 223–232.

Thompson PM, Cornwell HJC, Ross HM, Miller D (1992)
Serologic study of phocine distemper in a population of harbor seals in Scotland. Journal of Wildlife Diseases, 28, 21–27.
Thompson PM, Fedak MA, McConnell BJ, Nicholas KS (1989)
Seasonal and sex related variation in the activity patterns of
common seals (Phoca vitulina). Journal of Applied Ecology, 26,
521–535.
Thompson PM, Miller D (1990) Summer foraging activity and
movements of radio-tagged common seals (Phoca vitulina) in
the Moray Firth, Scotland. Journal of Applied Ecology, 27,
492–501.
Thompson PM, Miller D, Cooper R, Hammond PS (1994) Changes
in the distribution and activity of female harbour seals during
the breeding season: implication for their lactating strategy
and mating patterns. Journal of Animal Ecology, 63, 24–30.
Thompson PM, Wood D, Tollit DJ, Corpe H, Racey P (1993) The
Behaviour and Ecology of Common and Grey Seals in the Moray
Firth. SOAEFD .
Tollit DJ, Thompson PM (1996) Seasonal and between-year variations in the diet of harbour seals in the Moray Firth, Scotland.
Canadian Journal of Zoology, 74, 1110–1121.
Valsecchi E, Amos W (1996) Microsatellite markers for the study
of cetacean populations. Molecular Ecology, 5, 151–156.
Walsh PS, Metzger DA, Higuchi R (1991) Chelex 100 as a medium
for the simple extraction of DNA for PCR-based typing from
forensic material. Biotechniques, 10, 506–513.
Wang W, Kumar P, Schwarz M, et al. (1994) PCR amplification of
40 year-old paraffin-embedded tumour tissue: Comparison of
four different DNA extraction and purification methods.
International Journal of Oncology, 5, 453–457.
Weber JL, May PE (1989) Abundant class of human DNA polymorphisms which can be typed using the polymerase chain
reaction. American Journal of Human Genetics, 44, 388–396.
Wilkinson GS, Chapman AM (1991) Length and sequence variation in Evening Bat D-Loop mtDNA. Genetics, 128, 607–617.

This work is the result of a NERC-funded collaboration which is
applying molecular techniques developed at the University of
Cambridge to the long-term ecological studies of marine mammals being undertaken by Aberdeen University. Jane Reed is carrying out her post-doctoral research within Bill Amos’s Molecular
Ecology group at Cambridge. Dominic Tollit is examining the diet
of harbour seals by hard-part dietary analysis for his doctoral thesis within Paul Thompson’s group at Aberdeen. Data on individual and species-specific foraging strategies will contribute to
broader studies of the ecology of the UK seal populations.

© 1997 Blackwell Science Ltd, Molecular Ecology, 6, 225–234

