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Analyses of regressions of atlas bone width against fish length (mixed regressions) of Atlantic
salmon Salmo salar can be used to infer the parr:smolt ratio of the source populations.
Analyses of mixed regressions have been used to infer that, contrary to previous reports, sawbill
ducks Mergus spp. eat only a few smolts. Here a Monte Carlo simulation model is presented
which quantifies the eﬀect of variation in the smolt:parr ratio on the form of the mixed
regression. Based on published mixed regressions, the model predicts 95% CI of 1–36% and
1–42% smolts in diets of sawbill ducks, which are broadly consistent with results of earlier
studies. However, other large inconsistencies still exist between results of previous studies and
these are briefly discussed.
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INTRODUCTION
A common method of assessing the diets of piscivorous birds is to examine their
gut contents. Few intact fishes are recovered from carcasses because the soft
tissue is digested rapidly. However, hard parts of fishes, such as bones and
otoliths, are more resistant to digestion and have been used to identify individual
prey to the level of species and to estimate their lengths (Fortunatova, 1951;
Popova, 1978). The first vertebra (atlas bone) has been used to investigate the
occurrence and size of Atlantic salmon Salmo salar L. in the diets of avian
predators (Feltham & Marquiss, 1989; Carss & Marquiss, 1991; Marquiss et al.,
1998).
Sawbill ducks Mergus spp. prey on both the parr and smolt stages of Atlantic
salmon (Feltham, 1990). The impact of predation on Atlantic salmon populations may vary depending on whether parr or smolts are consumed and it is
important to distinguish between these life stages in the diets of birds (Carss &
Marquiss, 1991; Armstrong et al., 1998). Because salmon elongate as they
metamorphose from parr to smolt (Hoar, 1976) the intercepts of the relationships between fork length (LF) and atlas width (Wa) for the two life stages diﬀer
(Armstrong & Stewart, 1996). However, currently it is impossible to determine
whether an individual atlas bone originates from a smolt or parr.
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The percentage contribution of smolts to the Atlantic salmon component of
the diet has been estimated to be c. 17% in goosanders Mergus merganser
(Feltham, 1995a) and 14–38% in mergansers Mergus serrator (Feltham, 1995b)
foraging in north-east Scotland. These studies used the premise that, in spring,
Atlantic salmon <90 mm in length were parr and those >90 mm in length were
smolts. Marquiss & Carss (1998) and Carss & Marquiss (1999) suggested that
the form of the mixed regression (which included both parr and smolts) of atlas
width on Atlantic salmon length could provide information on the ratio of the
two life stages. On this basis they suggested that the diets of sawbill ducks in
Scotland contained only a few smolts. Here, quantitative estimates and errors
are derived using the best available information, and the conclusions of Carss &
Marquiss (1999) are reconsidered.
MATERIALS AND METHODS
A simple model was constructed to explore how variation in the numbers of smolts and
parr in a sample (e.g. the diet of birds) aﬀects the form of the mixed regression. The
model considered groups of parr and smolts, each with normally distributed length. The
length distributions and the relationships between Wa and LF for the two life stages
were taken from Armstrong & Stewart (1996) (parr: LF =57·1Wa 3·47; smolt:
LF =56·9Wa +7·96). There was uncertainty in the exact forms of these regressions, which
was incorporated into the mixed regression using a Monte Carlo procedure.
The proportion of parr in a nominal population of 84 parr and smolts (the number of
fish used to produce the mixed regressions) was varied between 0 and 100% in steps of 1
smolt. At each step, fish were selected at random from the distributions of lengths for
each life stage. An estimate of Wa of each of these fish was then selected at random from
the error distributions around the regressions relating Wa to LF of parr and smolts. A
regression relating LF to Wa was then fitted to the mixed data using the least squares
method. This process was repeated 1000 times at each step.

RESULTS
A plot of the mean slope and intercept values for each of the diﬀerent
parr : smolt ratios was curved to the degree that most of the dependent variables
(in this case the gradient) could be ascribed to either of two values of the
explanatory variable (intercept) (Fig. 1). There was variation around the mean,
which, for any given parr:smolt ratio, could be quantified as the area which
included 95% of the observations. The bounds of this area were those intercept
and slope combinations giving a 2 of 5·991 (the threshold 95% value at 2 d.f.)
from the equation:
2 =(n1) [(sumgg.sumii)sumgi2] 1 {[(gḡ)2 summi]
[2(gḡ)(iı̄)sumgi]+[(iı̄)2sumgg]}
where: g=known slope, i=known intercept, n=number of observations, ḡ=mean
Sumii=(iı̄)2
and
slope,
ı̄=mean
intercept,
Sumgg=(gḡ)2,
Sumgi=(gḡ)(iı̄).
These 95% CI were elliptical (Fig. 1). The equation was used to calculate the
probability that each of a number of possible parr:smolt ratios gave rise to
published mixed regressions. A value for 2 was calculated for each ratio and
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F. 1. Possible combinations of intercept and slope from a mixed regression of Atlantic salmon fork
length on first vertebra width (– – –, mean values). The form of the regression depends on the
proportions of parr and smolts in the population. Variation, modelled by Monte Carlo simulation,
is shown for populations containing 10% smolts (——). The position of the two mixed regressions
are also shown [Marquiss & Carss, 1998 (); Carss & Marquiss, 1999 ( )].
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F. 2. Plot showing how the probability (2) of the combination of slope and intercept in the two mixed
);
equations changes with the percentage of smolts in the sample [Marquiss & Carss, 1998 (
Carss & Marquiss, 1999 (– – –); critical value at P=0.05 (——)].

compared with the threshold level (5·991) (Fig. 2). Using this method, the 95%
CI are 1–36% and 1–42% smolts for the Carss & Marquiss (1999) and Marquiss
& Carss (1998) data respectively.
DISCUSSION
The model suggests that the incidence of smolts in the diets of sawbill ducks is
potentially much larger than implied by Marquiss & Carss (1998) and Carss &
Marquiss (1999) and consistent with previous diet studies (Feltham 1995a,b).
However, there is an inconsistency because the samples of Carss & Marquiss
(1999) were mainly fish >90 mm, which by Feltham’s definition were smolts.
There are several possible explanations for this inconsistency. First, the forms
for the regressions of atlas width on length of parr and smolts are from only a
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few populations but have been applied to data sets from across Scotland. It is
possible that between-site and -year variation in these regressions is suﬃcient to
cause substantial inaccuracies in the approach (Carss & Marquiss, 1999).
Secondly, sawbill ducks may consume primarily large parr that, if they survived,
would have remained in the river rather than emigrating. Existing surveys
suggest that few fish >90 mm in autumn and winter remain in the river as parr
during the following year (Egglishaw, 1967, R. Gardiner, pers. comm.). However, it is possible that sawbill ducks and other predators feed selectively on large
parr, many of which may have been males that spawned in the previous autumn,
to the extent that that few of them survive. Finally, the mixed regressions of
Marquiss & Carss (1998) and Carss & Marquiss (1999) included fish consumed
in the winter and it is possible that although they were destined to smolt they had
not yet elongated and would therefore retain a parr-like relationship between
atlas width and fork length.
Many of the problems associated with studying the interactions between
populations of piscivorous birds and salmonids, and suggestions for further
work, have been the subject of recent reviews (Russell et al., 1996; Marquiss
et al., 1998). This study illustrates the value of incorporating errors into
modelling processes. A useful next stage in developing predatory bird consumption models will be to derive error distributions for parameters that are currently
taken as fixed values, for example, the assumption of a cut-oﬀ between smolts
and parr at 90 mm.
We thank R. Shelton, G. Hastie, D. Stewart and P. Thompson for commenting on the
manuscript, R. Gardiner for sharing his knowledge on the structures of salmon
populations in Scotland, and R. Fryer for helpful suggestions on the statistical methods
and presentation.
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