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Long time series of dietary data can potentially provide information on how predator diets 
respond to changing prey abundance, e.g. due to overfishing and/or climate change. Here we 
analyse data on the summer diet of harbour seals (Phoca vitulina) in Orkney (NE Scotland, 
UK), based on opportunistic sampling of seal faeces at haul-out sites on the island of 
Eynhallow during 1986-2006. The main component of the diet in summer is sandeels 
(Ammodytidae, mainly Ammodytes spp.). Aside from a patchy distribution of samples and 
involvement of various different researchers over the 20 year time period, the data present 
several statistical challenges. Thus, individual otoliths in a faecal sample may not represent 
independent samples and the statistical distributions of prey numbers include an excess of 
zero values. Linear mixed effects modelling was applied to model temporal patterns in the 
size of sandeels eaten (using otolith length as a proxy of fish size). In addition, zero-inflated 
Poisson GAM was applied to model trends in the numerical importance of sandeels. We 
discuss the possible biological significance of the trends identified in this data set. 
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INTRODUCTION 
 
There are several seal haul-out sites on the small uninhabited island of Eynhallow (Orkney, 
see Fig. 1), used mainly by harbour seals (Phoca vitulina) in summer and grey seals 
(Halichoerus grypus) in winter, although the two species are often both present. The island 
has been the focus of a long-term study on fulmars (which started in the 1950s). The present 
study originated as part of a wider survey of seal diet in Scotland during 1986-89 (see Pierce 
et al., 1990, 1991a, b, c, d; Thompson et al., 1991) and a follow-up study in 1993-94 (see 
Pierce & Santos, 2003). Subsequent sampling has been mainly opportunistic, running along 
side the fulmar project and forming the basis of several MSc projects.  
 

 
 

Figure 1. Map of Scotland showing the location of the sampling. 
 
We focus on data collected during May to August in 1986-88, 1993-96, 1998, 2002-03 and 
2005-06. The summer diet of harbour seals in Orkney is dominated by sandeels 
(Ammodytidae) (Pierce et al., 1990) and preliminary exploration of the whole long-term data 
set confirms that this continues to be the case. Hence, the main biological focus of the present 
analysis is on whether long-term trends can be discerned in the size and numbers of sandeels 
eaten, and whether there is evidence that this is related to the abundance of sandeels, and of 
harbour seals, in the area.  
 
The analysis of sandeel size is a relatively straightforward mixed modelling problem. We 
account for the likely non-independence of the size of individual sandeel otoliths in the same 
scat by treating scat ID as a random effect. The analysis of sandeel numbers is a potentially 
more difficult problem. In principle count data could follow a Poisson or negative binomial 
distribution but it turns out that the distribution is overdispersed, with an excess of zero 
values. These data are therefore used in an exploration of the application of zero-inflated 
models.  
 
Zero-inflated models assume that zero values can be divided into “true” and “false” zeros. If 
only “true” zeros are present, an alternative modelling approach, hurdle models, can be used 
(Zuu et al., 2009; Martin et al., 2010). False zeros can arise for various reasons, variously 
categorised as structural errors, design errors, observer errors, “animal” errors and “naughty 
zeros” (Austin & Meyers, 1996; Kuhnert et al., 2005; Martin et al., 2005). In the present 
context, a true zero occurs when a scat did not contain sandeel otoliths and the seal had not 
eaten sandeels. A false zero arises if a seal ate sandeels but no sandeel otoliths were found in 
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its scats. This could arise, for example, because the otoliths were present only in unsampled 
scats, were fully digested, or were present but lost during processing or mis-identified. The 
latter options are unlikely as sieve mesh size is chosen to avoid loss of small otoliths, otoliths 
are relatively easy to pick out from other material in scats even for inexperienced observers, 
and sandeel otoliths are neither difficult to identify nor among the most digestible otoliths 
(Härkönen, 1986). However, the first option is quite plausible. If true and false zeros are 
present, so-called mixture models can be applied and this is what we will do here. 
 
 
METHODS 
 
Sample collection and processing  
 
Scats were collected from the haul-out sites around the shore of Eynhallow and sometimes on 
offshore skerries. The schedule of sample collection and numbers of samples are shown in 
Table 1. If seals were present, they were counted and identified to species. Each scat 
(distinguished from adjacent scats according to location, colour and consistency) was 
bagged, labelled, transferred to the laboratory and stored at -20oC. Thawed scats were sieved 
(smallest mesh 0.355 mm) and all identifiable prey remains extracted (i.e. fish otoliths, jaw 
bones, vertebrae and other skeletal elements, crustacean exoskeleton, polychaete jaws, 
mollusc shells and mandibles). Remains were identified to the lowest possible taxon. Otoliths 
and cephalopod mandibles were counted and measured to estimate original prey size. In the 
present analysis, we focus on remains of sandeels recovered during May-August each year. 
 

Table 1. Numbers of samples available for analysis, by year and month of collection 
 

Year Feb Mar Apr May Jun Jul Aug Sep Nov Dec
1986   1 53   
1987  16 18 58 24   
1988 3 4 15 16  19 
     
1993   11 90   
1994  55 98  
1995  16 1 17 9 65   23
1996   22   
     
1998   21 25   
     
2002   19 62   
2003   21   
     
2005   39   
2006   24   

 
 
Analysis of trends in sandeel length 
 
Sandeel otoliths were divided into length classes approximately equivalent to the size range 
of 0-1 and 2-3 year old Ammodytes marinus (Boulcott et al., 2007). Linear mixed effects 
modelling (Zuur et al., 2009) was used to model otolith length (OL) as a function of time 
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(expressed as days since the first sampling period); scat ID was used as random intercept. 
Models of the following form were fitted to data on small and larger sandeels: 
 

),0(~   and    ),0(~ 22 
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Since many different assistants contributed to the data collection, in years when several 
assistants contributed to the data, results from each were compared. Comparisons confirmed 
that there were no significant observer differences. 
 
 
Analysis of trends in sandeel numbers 
 
Because fish have two otoliths we use the variable “Sandeels”, which is the number of 
otoliths divided by two (and rounded, if not an integer). Data exploration followed Zuur et al. 
(2010). The main explanatory variable for modelling is time. We used the variable Day 
which represents the numbers of days since 1 January 1986, the year in which the first 
samples were taken. We expect there to also be seasonal variation the diet, not least because 
in the summer mainly harbour seals are present and in the winter grey seals. Consequently 
we only use the May – August data, which should largely eliminate seasonal variation. 
 
The first model fitted was a Poisson GLM. Results indicated overdispersion of the response 
variable. The degree of overdispersion suggested that quasi-Poisson would also be 
unsuitable. This leads to consideration of several alternative approaches (Fig. 2). 
 

 
 

Figure 2. Flowchart showing options when a (Poisson) GLM model shows overdispersion, a quasi-Poisson 
model is not an option and we have a mixture of true and false zeros. NB = negative binomial distribution. 

 
A negative binomial GLM showed only very slight overdispersion but there were trends in 
the residuals, indicating a need to consider GAM. Both Poisson and negative binomial 
GAMs indicated overdispersion, confirming the need to consider zero-inflated models. For 
the present data set, it can be argued that the zeros consist of true zeros and false zeros. A 
false zero may be due to otoliths being located in unsampled scats or (less likely) being 
totally digested. If a count data set consists of true and false zeros, then zero-inflated Poisson 
(ZIP) or zero-inflated negative binomial (ZINB) models should be applied, whereas data sets 
with only true zeros can be analysed with hurdle models (Zuur et al. 2009). Hence, the 
sandeel otoliths data set should be analysed with zero-inflated GLMs or zero inflated GAMs, 
and not with hurdle models. 
 
The probability distribution for a ZIP model is: 
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where: Sandeelsis is the number of sandeels in scat i on day s, πis is the probability that 
Sandeelsis is a false zero, which is assumed to be binomially distributed (hence the 
probability that Saandeelsis is not a false zero is 1 − πis). For the second part we use a Poisson 
distribution with mean μis  
 
To introduce covariates, as in Poisson GLM, we model the mean μis of the positive (non-false 
zero) count data as: 
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Hence, covariates are used to model the positive counts. For the probability of having a false 
zero, πis, we use a logistic regression model with only an intercept or one with covariates, 
i.e.: 
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where ν is an intercept, Z are the covariates (which may be different to the covariates that 
influence the positive counts) and γ are regression coefficients. 
 
It is now necessary to formulate the likelihood equation based on the probability functions 
above and use an optimisation routine to get parameter estimates and standard errors (see 
Cameron & Trividi, 1998; Hilbe, 2007). The only difference between a ZIP and ZINB is that 
the Poisson distribution for the count data is replaced by the negative binomial distribution.  
 
We fitted ZIP GAMs using the VGAM package in R. The following ZIP GAM model was 
applied.) We will call it M2: 
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We also applied a model in which no covariates were used in the logistic link function; just 
an intercept. We called it M1. 
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RESULTS 
 
Diet composition 
 
Sandeels (Ammodytidae) were the main prey of seals sampled at Eynhallow in summer in all 
years (forming between 94% and 100% of the diet by number). Other frequently occurring 
prey were whiting (Merlangius merlangus), haddock (Melanogrammus aeglefinus), saithe 
and pollack (Pollachius spp.), Trisopterus spp., cod (Gadus morhua), herring (Clupea 
harengus), octopus (Eledone cirrhosa) and scad (Trachurus trachurus). 
 
Using the raw data, there was a non-significant downward trend in the numerical proportion 
of sandeels in the diet over the course of the study period (Figure 3).  
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Figure 3. Trends in summer seal diet composition, 1986-2006: percentage numerical importance of sandeels 
(left Y axis) and fitted polynomial curve; percentage numerical importance of cod and whiting (right Y axis). 

Each point represents one sample set (when sample sets were available for more than one month in a year they 
were included separately). 

 
 
Trends in sandeel length 
 
The largest sandeel otoliths, which belong to Hyperoplus lanceolatus, were excluded from 
this analysis. Results from the linear mixed effects mode showed that there was a significant 
increase in the average size of sandeels eaten over the study period, an increase of around 7% 
for the small size classes (p < 0.001) and around 5% for larger classes (p<0.01) (Figure 4). 
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Figure 4. Observed sandeel otolith length versus time for each size class. Left panel: age class 0-1 and right 

panel: age class 2-3. In both cases, the line is the fitted curve from the mixed model. 
 
 
Trends in sandeel numbers 
 
The number of sandeels per scat varied from zero to over 1500, as seen in the scatterplot 
below (Figure 5). The plot also makes clear the patchiness of the sampling, which did not 
take place every year and did not always take place in the same month of sampled years. 
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Figure 5. Number of sandeels plotted versus time in days. Day 1 corresponds to 1 January 1986. 

 
We have fitted two ZIP models; in M1, only the intercept ν is used and the smoother f2(Day) 
is omitted. In M2 there is a smoother in the logistic link function. More complicated ZIP 
models may not converge, in which case using an intercept-only model for the logistic part of 
the ZIP is an option. In this case there were no convergence problems and the AIC values 
(71152.16 and 71125.02, respectively) indicate that model M2 is better.  
 
The overdispersion (1.374) was sufficiently close to 1 to be considered acceptable. The 
estimated smoothers for the ZIP GAM M2 are presented in Figure 6. 
 
Smoother, f1(Day), represents the underlying temporal trend (on the scale of the link 
function) for the sandeels while filtering out the false zeros. This trend implies that the 
number of sandeels was highest at the start and end of the study period, and also high around 
1996-98. The shape of the second smoother, f2(Day), which relates to false zeros, depicts a 
decline in the number of false zeros between 1993 and 1998 (approx. days 3000-4500) and a 
subsequent increase in the most recent years.  
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Figure 6. Estimated smoother for the ZIP GAM. Left panel: smoother f1(Day) for the log link function, related 
to count process (counts with true zeros). Right panel: smoother f2(Day) for the logistic link function, related to 

false zeros versus all other data. 
 
DISCUSSION 
 
Sandeels are clearly a prey item of major importance in harbour seal diets and their 
consistently high numerical abundance in the diet in Orkney implies that they could be 
considered as preferred prey. Results also suggest an increase in the size of sandeels eaten by 
seals in the summer as well as a long-term trend in the number of sandeels per scat. 
 
One obvious causal factor to consider is prey abundance. Over the study period, sandeel (A. 
marinus) abundance in the North Sea has shown two peaks in abundance, in 1987 and in 
1998 (Figure 7). Since 1998, the stock has declined markedly, although trends around 
Shetland (north of Orkney and treated separately by ICES) are unknown (ICES, 2009).  
 
Variation in sandeel numbers in the scats to some extent mirrors the trend in SSB up to 2002 
(compare Figures 6 and 7) but after this the incidence of sandeels in the scats rises again 
sharply, a trend not evident in the sandeel abundance data. We have not attempted to 
formally model this relationship although, in principle, annual sandeel SSB could be included 
as an explanatory variable in place of time - although it should be noted that we have only 12 
unique values for SSB (for the twelve years out of 20 in which we have dietary data). 
 
Another factor which may be expected to affect seal diet is competition, both intra- and inter-
specific. Potential competitors of harbour seals for sandeels include grey seals, harbour 
porpoises, various seabirds and some predatory fish. In the UK as a whole, grey seal 
population numbers are probably stabilising after a long period (perhaps a century) of 
increasing abundance. However, grey seal pup production in Orkney has fluctuated widely in 
recent years (SCOS, 2007). 
 
Harbour seal numbers in Orkney peaked at ca. 8500 in 1997 but declined to ca. 3380 in 2007 
(Lonergan et al., 2007; Duck et al., 2008). Available evidence seems to point to elevated 
post-weaning pup mortality in Orkney as a reason for the decline in seals (Duck et al., 2008). 
Poor pup condition may thus be linked to falling sandeel abundance. Lack of sandeels has 
also been linked with reduced breeding success and adult survival in several North Sea 
seabird populations (e.g. Frederiksen et al., 2004). 
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Figure 7. North Sea sandeel spawning stock biomass (tons), 1986-2006 (data from ICES, 2009). 
 

 
The links between seal diet, sandeel abundance and seal abundance remain speculative. 
Before engaging in any such speculation, some caveats must be borne in mind. Firstly, the 
uneven distribution of sampling effort inevitably gives rise to potential biases. Sample size 
itself is probably not an issue: thus it can be shown (results not presented here) that the size 
of sandeels eaten could have been adequately estimated from many fewer samples. Secondly, 
two seal species use the haul-out sites and although there is consistent seasonality it is 
difficult to rule out the possibility that grey seals make a variable contribution to the sample 
collected. Grey seals, being larger than harbour seals as adults, would be expected to take 
larger sandeels. Thirdly, the number of sandeels in seal scats can relate to various aspects of 
feeding behaviour and diet of seals: essentially anything which affects digestibility and 
passage rate of food can influence the size of scats and the number of fish represented in 
them. Finally, the estimates of sandeel abundance cited here relate to only one of the species 
of sandeels eaten by seals (albeit that which is probably most commonly eaten) and are for 
the North Sea as a whole rather than Orkney per se. 
 
The trend in numbers of sandeels in scats between 1986 and 2002, in so far as it can be 
reconstructed from the incomplete series, appears as though it may be related to sandeel 
abundance. The general increase in size of sandeels eaten over time is less easy to explain, 
but could relate to the lower abundance of small sandeels (recruits) in later years. In addition, 
the recent reduction in harbour seal numbers in Orkney could have led to reduced 
intraspecific competition, potentially allowing the remaining seals to take more and larger 
sandeels.  
 
While these interpretations remain speculative, we can say that the linear mixed effect model 
and zero-inflated GAM were useful tools in the present study and represent powerful tools to 
reveal patterns and trends in difficult datasets. 
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