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Abstract: The diets of pinnipeds have often been used to study their ecology and resource dynamics and in ecosystem
monitoring. Scat analysis is now the most widely used method of inferring the diets of pinnipeds. Using a mathemati-
cal model the present study explores the expected biases in prey occurrence that are related to prey mass, proportion of
loss of remains, predator assimilation efficiency, size of the scats collected, and meal size. With the exception of meal
size, variation in parameters implied variation in the probability of biases in prey occurrence. Biases were asymmetric
among prey sizes, but in contrast with previous ideas, the results indicate that small prey have smaller biases than large
ones do. Furthermore, the number of scats required to detect a large prey was notably larger than that needed to detect
a small prey with the same occurrence. The present study is not limited to a particular pinniped or prey species, so it
has the potential to represent a general framework for interpreting the results of scat analysis in pinnipeds. The model
complements empirical studies, advancing our comprehension of biases associated with prey occurrence in dietary stud-
ies of pinnipeds.

Résumé : Le régime alimentaire des pinnipèdes est souvent utilisé pour étudier leur écologie, la dynamique de leurs
ressources et leur relation avec l’écosystème où ils vivent. L’analyse des fèces est actuellement la méthode la plus
employée pour déterminer le régime alimentaire de ces animaux. On examine ici, à l’aide d’un modèle mathématique,
les erreurs associées à la fréquence des proies en relation avec la masse des proies, la proportion perdue des restes,
l’efficacité d’assimilation du prédateur, la taille des fèces recueillies et la taille du repas. La variation dans les paramè-
tres, à l’exception de la taille du repas, suppose l’existence de fluctuations de la probabilité d’erreur dans la fréquence
des proies. Les erreurs reliées à la taille des proies sont asymétriques, mais, contrairement aux théories antérieures, nos
résultats indiquent que les petites proies sont reliées à moins d’erreurs que les proies plus grandes. En outre, le nombre
de fèces nécessaires à la détection d’une grande proie est beaucoup plus élevé que le nombre requis pour détecter une
petite proie de même fréquence. Cette étude n’est pas limitée à une espèce particulière de pinnipède ou de proie, ce
qui lui donne le potentiel de servir de cadre général pour interpréter les résultats des analyses de fèces chez les pinni-
pèdes. Le modèle est complémentaire aux études empiriques, portant plus avant notre compréhension des erreurs as-
sociée à la fréquence des proies dans les études de l’alimentation des pinnipèdes.
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Seals are top predators in most marine ecosystems (Ochoa
and Francis 1995) and knowledge of their trophic behaviour
is important for understanding their ecology (Croxall 1993;
Merrick et al. 1997) and trophic interactions with resources
(Krebs and Davis 1981; George-Nascimento et al. 1985; Mohn
and Bowen 1996; Yodzis 1998, 2001), and for monitoring
the ecosystem (Reid and Croxall 2000). Different approaches

have been taken to investigate the diets of pinnipeds, such as
analysis of stomach contents from dead animals, scats, stom-
ach lavage, regurgitation, and direct observations of feeding
(Fea and Harcourt 1997).

Scat analysis is a powerful tool for studying mammalian
diets (Johnson 1982; Putman 1984; Kohn and Wayne 1997),
and is currently the procedure most used for sampling pinnipeds
(see Hindell and Kemper 1997). Scat analyses provide a
large amount of information with a fraction of the effort re-
quired by other methods, and with little disturbance to the
animals (Carey 1992; Reid 1995; North 1996). This method
assumes that solid remains (hereinafter remains) pass into
feces in the same proportions as they were consumed, so
their relative occurrence in the diet will not be seriously
biased (Reid 1995; Tollit et al. 1997b). Nevertheless, scat
analyses have potential biases, mainly related to the total or
partial digestion of remains (e.g., da Silva and Nelson 1985;
Fea and Harcourt 1997; Tollit et al. 1997b; Bowen 2000).
Several empirical experiments have been conducted to assess
the magnitude of these biases and to establish correction fac-
tors (e.g., Dellinger and Trillmich 1988; Croxall 1993; Tollit
et al. 1997b; Bowen 2000; Orr and Harvey 2001). Such ex-
periments have indicated higher losses of small and fragile
otoliths, suggesting that the occurrence of small prey could
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be underrepresented (Murie and Lavigne 1985; Carey 1992;
Croxall 1993; Fea and Harcourt 1997; Bowen 2000). How-
ever, generalizations are limited by the small number of ani-
mals studied and by the characteristics of the pinniped and
prey species studied (Croxall 1993; Fea and Harcourt 1997;
Lake 1997).

Modelling of systems is an important tool in ecology.
When the essence of a process is represented in a model, it
can provide insight that is not possible to acquire from em-
pirical research. The use of complementary approaches, the-
oretical and empirical studies, could help to clarify issues
and predict biases related to pinniped diets inferred from
scats. In spite of the myriad of works devoted to empirical
analysis of biases in inferring diet from scats, to our knowl-
edge no theoretical approach has been attempted.

Pinniped diet composition is currently expressed as per-
cent occurrence (proportion of samples containing a given
item), percent minimum number (proportion of prey individ-
uals in relation to the total number of individuals registered),
percent biomass (biomass of a given prey in relation to total
prey biomass), and other indices obtained from combina-
tions of the previous ones. Percent occurrence indicates prey
consumption without regard to other prey, and may indicate
temporal availability, selectivity, or ease of capture of indi-
vidual prey (Lowry et al. 1990). It has been suggested that
this index is an adequate measure that is not largely affected
by degradation of remains (Lake 1997).

The objective of the present work was to analyze the bi-
ases associated with prey occurrence inferred from scat anal-
ysis. We developed a theoretical model that considers the
main source of biases previously proved, or suggested, to be
relevant.

Methodology

The conceptual approach to modelling biases in prey oc-
currence (Fig. 1) begins with a feeding event in which the
pinniped preys upon a monospecific prey school, I (g) being
the ingested mass of prey. From this event, a portion of the
ingested prey is assimilated, with an efficiency e, and the
other portion is voided as scats. So 1 – e represents the fraction
of ingested mass (I) that is defecated; this fraction multiplied
by I represents the total amount of fecal material produced
(S) from the feeding event (S = I(1 – e)). Any single scat
collected is a sample (K) taken from the total amount of fe-
cal material produced (S).

Probability that a piece of the remains has not been
lost by degradation

The number of prey ingested is calculated as I/M, where
M is the mass of a single prey. In this model we assume that
the prey being consumed are fish or cephalopods, so based
on the presence of otoliths or beaks in the whole fecal mate-
rial, the maximum number of remains is twice the number of
ingested prey (2I/M). However, some remains may be totally
degraded in the stomach; if we consider that each item in the
remains has a probability of being lost by degradation, L, the
number of items in the remains (R) that are not lost will fol-
low a binomial distribution:

[1] P R
I M

R
L LR R( )

/
( ) ( )=







 × − × −2

1 1

where 2I/M is the number of trials and 1 – L is the probabil-
ity of success.
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Fig. 1. Model representation. It was assumed that pinnipeds ingest an amount I (g) of a prey of size M. The ingested prey is assimi-
lated with efficiency e, and an amount S (g) of fecal material (S = I(1 – e)) is produced. The total amount of remains ingested is equal
to 2I/M, corresponding to two pieces of remains from each prey consumed. Each item has a probability, L, of being lost by digestion.
The probability that R remains were not lost by degradation follows a binomial distribution, with a probability of success of 1 – L,
and the number of trials is 2I/M. Any scat collected (K) represents a sample of the total amount of fecal material produced (S). It was
assumed that S and K were formed by discrete 1-g units, where one prey item may or may not be present. The probability of any item
occurring in a collected scat follows a hypergeometric distribution with expected success zero, size of the sample K, population suc-
cess R, and population size S. The probability of a false absence (PFA) comes from the combination of the two probabilities men-
tioned: first, the number of remains that resisted digestion and second, the probability of no prey item in the collected scat.



Whether or not an item in the remains is digested may de-
pend on the size of the prey (Dellinger and Trillmich 1988),
and thus the lost item can be modelled as L = aMb. Here we
assume that when prey mass is 1 g or less, all remains are
digested, so a is considered to equal 1. Parameter b was cal-
culated as –0.66 from the relationship between the two-
dimensional area of acid attack and three-dimensional otolith
volume (following Macpherson et al. 1989). Still, otolith
size could be independent of prey mass, and degradation can
only be weakly related to the attributes of otoliths (Fea and
Harcourt 1997). For this reason we also analyzed a model
in which degradation was independent of prey size (L is a
constant).

Probability of no remains in the collected scat
Any individual scat is a sample of all the fecal material

produced from a feeding event. Thus, there exists the proba-
bility that remains, even those not lost by degradation, are
not present in the collected scat, simply because they were
present in the fecal material that was not collected. To evalu-
ate this probability we assumed that all the fecal material
produced (S) and the scat collected (K) were composed of
discrete 1-g units. We assumed that a single piece of remains
may or may not be present in these units. Any single scat
represents a random sample of size K (g), taken from a pop-
ulation of size S (total grams of feces produced). This kind
of sample follows an hypergeometric distribution (see Sokal
and Rohlf 1995), so it is possible to calculate the probability
of not encountering any remains from the feeding event in a
sampled scat, using the following equation:
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where P(r = 0) refers to the probability of not finding any
prey item in a scat, given that it was consumed. Parameters
are as previously defined, with the following correspondence
in the hypergeometric distribution: r is the expected success
(0); K is the size of the sample (mass (g) of the collected
scat); R is population success (number of remains in all the
scats produced from the feeding event); and S is population
size (mass (g) of all the fecal material produced from a feed-
ing event). Explicitly, the numerator in the formula gives all
the possible samples of size K that can be sampled which
lack remains and the denominator gives all the possible sam-
ples of size K that can be sampled; the ratio of these two is
the probability of not finding remains of the prey in the scat
collected. The expected probability is not sensitive to the
size of the defined sample unit (i.e., 1 g), since K and S will
vary proportionally with the size of the defined sample unit.

Probability of false absence
To calculate the probability of not detecting prey remains,

we used the combined probabilities of two events. The first
probability predicts the number of remains that avoid diges-
tion, R, and follows a binomial distribution. The second
probability of not finding any prey item in a scat, given that
R remains resisted digestion, can be adequately represented

by a hypergeometric distribution. So the probability of not
detecting any remains is given by the sum of the probabili-
ties of all the potential outcomes where no remains are de-
tected (Denny and Gaines 2000). We refer to this value as
the probability of false absence (PFA), which represents the
probability of not detecting a prey in a collected scat, given
that it was consumed:
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PFA was first related to prey mass, using previously re-
ported parameter values for otariids to run the model (see
Fig. 2). The curve obtained was used for reference to ana-
lyze the expected biases associated with degradation of the
remains (L), size of the scat collected (K), efficiency of prey
assimilation (e), and meal size (I). Each parameter was sys-
tematically changed and the resultant curves that relate PFA
to prey mass were plotted. The extreme parameter values
used may be outside natural ranges, but they allowed us to
analyze the relationship of these parameters with the ex-
pected biases.

Biases and sample size
We analyzed the relationship between the number of sam-

ples required for a fixed probability of detecting prey of dif-
ferent masses. We assessed the probability of detecting a
particular prey as a function of sample size using the equation

[4] N = log(1 – α)/log(1 – p)

where N is the number of scats collected, p is the probability
of detecting the species in a scat, and α is the probability or
confidence that the species will be detected in a sample of N
scats (McArdle 1990). The p value is the proportional occur-
rence (O) of the item in the diet multiplied by the probabil-
ity of detecting the ingested prey in a scat, i.e., p = O(1 –
PFA). We focused on obtaining a 0.95 probability (α = 0.95)
of detecting an item that accounts for 5% of the diet (O =
0.05).

Results

Probability of false absence (PFA)
The model indicated that, contrary to methodological as-

sumptions, the probability of biases is not homogeneous
among different-sized prey. The model predicted a sigmoidal
relationship between PFA and prey mass (Fig. 2A). PFA was
practically 0 for small prey but when larger prey were evalu-
ated the expected biases grew dramatically, predicting large
probabilities of biases. The discrete shape of the curve came
from the discrete nature of the hypergeometric distribution.

When the loss of remains was strongly dependent on prey
mass (b < –0.5), the exact value of b did not affect the shape
of the curve (Fig. 2B). However, when this dependence was
weak (b > –0.05), the probability of not detecting the item
increased markedly. On the other hand, when loss of remains
was assumed to be constant, and thus independent of prey
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mass (Fig. 2C), the shape of the curve was strongly related
to the value of L (probability of loss of remains) considered.
Over a large range of L (0.5–0.1), the probability of biases
in the occurrence of small prey was insignificant.

The size of the scats collected strongly affected the shape
of the curve (Fig. 2D). For large scats (Fig 2D; K = 100 g)
the curve was flat and large biases were not expected. As the
size of the single scat sampled was progressively reduced,
the PFA curves reached higher values for smaller prey masses.

When high assimilation efficiency was evaluated in the
model (e = 0.99), the probability of finding a scat without a
prey item was near 0 for any prey size (Fig. 2E). However, a
slight decrease in the value of e produced a large variation in
the curve of PFA. This result is expected, since food assimi-
lation is a process that largely affects the concentration of
remains in the scat, constituting a large source of the bias
among prey. Conversely, meal size did not show a large effect
on the relationship between PFA and prey mass (Fig. 2F).

Biases and sample size
The increment in PFA with prey mass had a strong effect

on the number of samples needed to detect a prey species
(Fig. 3). As a consequence, confidence in detecting small
prey was remarkably greater than that in detecting large
prey. From the model, detecting a large prey (e.g., heavier
than 1000 g) requires sampling about five times more scats
to have the same probability as detecting a small prey (e.g.,
under 100 g).

Discussion

Source of biases included in the model
The model attempted to capture the main source of biases

related to prey occurrence in dietary studies. Some biases
previously proposed, such as seals avoiding consumption of
the head of large prey (Sergeant 1973; Lawson et al. 1995;
Tollit et al. 1997a), selective retention of remains (Condit
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Fig. 2. Biases predicted by the model. (A) Effect of prey mass on the probability of a false absence (PFA). Parameter values are as
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and Le Boeuf 1984; Lalas 1997), and differences in trip du-
ration (Daneri and Coria 1993; Thompson et al. 1996; Tollit
et al. 1997a), were not explicitly included in the model. This
was because the characteristics of these biases have not been
accurately reported. However, these biases could be directly
interpreted as loss of remains (L in the model) until enough
information is available to be explicitly included in the
model. Similarly, interaction among biases, except for those
between each parameter and prey mass, were not explicitly
considered. Some interactions, such as that between meal
size and otolith loss (Marcus et al. 1998), can also be inter-
preted as loss of remains in the model. However, most inter-
actions could not be reasonably modelled, because no
information was available or the published results were not
consistent (e.g., Keiver et al. 1984; Lawson et al. 1997).

On the other hand, the model analyzes some aspects not
previously considered. The efficiency of prey assimilation
and the size of the scat collected showed a large influence
on expected biases. Assimilation could seriously affect esti-
mates of prey occurrence inferred when items that differ
greatly in composition are compared (see Rosen and Trites
2000). With reference to scat attributes, some consideration
has been given to collecting fresh material (Goldsworthy et
al. 1997; Green et al. 1997; Lalas 1997), but to date no rec-
ommendation regarding scat size has been made. Taking into
account the substantial effect of scat size on prey occurrence,
it is recommended that only those scats above a minimum
size be collected. This requirement can limit the number of
scats that can be compiled, so the optimum size threshold of
scats to be included should be a balance between sample
availability and the biases caused by including small scats.

Prey mass
The main assumption made when inferring diet composi-

tion from scat analysis is that the probabilities of detection
are similar among prey (Reid 1995; Tollit et al. 1997b). If
this assumption is valid, the curve that relates PFA to prey
mass should not be far from a straight line with a slope
equal to zero. However, based on experimental results, many
authors have proposed that smaller prey, with small otoliths,
are probably underrepresented in the assessment of pinniped
diets (e.g., Murie and Lavigne 1985; da Silva and Nelson

1985; Dellinger and Trillmich 1988; Croxall 1993; Bowen
2000; Orr and Harvey 2001). Conversely, the present model
did not predict either a homogeneous bias among prey or
major biases in the occurrence of small prey. The expected
biases showed a sigmoidal relationship with prey mass for
all the combination of parameters tested, with a strong bias
against large prey. This result is counterintuitive based on
experimental data, but is consistent with some field observa-
tions. A change in diet from small to large prey has been as-
sociated with a large increment in the incidence of empty
scats (e.g., Naya et al. 2002).

The differences between biases predicted from experiments
and those predicted by the model originate from the fact that
the former only contemplate the effect of loss of remains. In
the model we incorporated loss of remains along with many
other sources of bias, among them the fact that any scat col-
lected is a sample of all the material produced from a feed-
ing event. So the probability of detecting a prey item comes
from the density of its remains in the feces and the size of
the single scats collected. The remains density is determined
not only by its loss through digestion, but also by the size of
the prey ingested and the efficiency of assimilation. Future
experimenters should expand their vision from analyzing the
degradation of remains to include the absence of remains in
the discrete scats produced from a feeding event.

While this model was developed for use with cephalopod
and fish prey, it also allows the analysis of other prey items
such as crustaceans. The characteristics of krill, a small crusta-
cean with many resistant structures, imply that PFA is practi-
cally zero, since the density of remains in scats is extremely
high. The relationship between PFA and prey mass suggests
that the biases due to secondary prey could be more relevant
than has previously been suggested (Carey 1992; Slip 1995;
Lalas 1997). If the prey ingested by a pinniped is large, and
this prey contains remains of small items (such as krill) in its
stomach, the secondary items are more likely to be detected
than the real prey. It has been proposed that poor co-occurrence
can be used as evidence against the presence of secondary
prey (Carey 1992). The present study suggests that co-
occurrence is not a good way to detect the presence of sec-
ondary prey.

Sample size
The relationship between the required sample size and

prey mass indicates that the number of scats necessary to de-
tect a prey at a given confidence level should be related to
prey attributes. Furthermore, the large number of samples
required to detect a large prey suggests that the level of
identification of such species in the pinniped diet could be
currently poor. Not only may large prey be underrepresented
in terms of occurrence, but they may not be detected as prey
at all.

General conclusions
In ecological studies, an observational process always takes

place, and every effort should be made to understand, cali-
brate, and model this process (Hilborn and Mangel 1997).
Knowledge of biases in scat analysis allows further and more
comprehensive employment of the method, as well as accu-
rate interpretation of the information extracted. In an attempt
to complement empirical research, the present work offers a
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Fig. 3. Number of scats that should be sampled for the probabil-
ity of detection to be the same (0.95) for prey with different
masses but equal in occurrence (5%).



different perspective on accurately interpreting scat information
derived from scat analysis, which is not limited to pinnipeds
or the prey species under study. Contrary to previous sug-
gestions, for all combinations of parameters evaluated, the
model indicated that the larger the prey, the larger the biases
in diet occurrence it presents.
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