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Summary 
Prior distributions (Table 1) for the grey seal population model (Thomas 2019) are required for the 
following model parameters: adult female survival 𝜙 , maximum pup survival 𝜙 max, fecundity 𝛼, 
shape of density dependence acting on pup survival 𝜌, region-specific carrying capacity (in terms of 
pup production) χ , number of adults per female 𝜔, and precision of the pup production estimates 
𝜓.  The data used to inform these priors are presented below and in Tables 2 and 3.  The resulting 
prior distributions are shown in Figure 1 and Table 1. These distributions are identical to those used 
in the previous year’s analysis (Thomas 2018), except that the upper bound on 𝜙  has been increased 
from 0.97 to 0.98. Further discussion of previous and current prior selection is given in Lonergan (2012; 
2014), and Russell (2017). Recent data, and any implications for the current priors, are highlighted. 
For study sites for which there are multiple estimates for a parameter, only the most comprehensive 
study is presented. This briefing paper is based on Supporting Information in Thomas et al. (2019). 

 

 

Table 1. Prior parameter distributions input in Thomas (2019). Be and Ga denote beta and gamma 
distributions, respectively.  Carrying capacity subscripts 1 to 4 refer to North Sea, Inner Hebrides, 
Outer Hebrides and Orkney regions. 
 

Parameter Prior distribution Prior mean (SD) 
adult survival 𝝓𝒂 0.8+0.18*Be(1.79,1.53) 0.90 (0.04) 
pup survival 𝝓𝒑max Be(2.87,1.78) 0.62 (0.20) 
fecundity 𝜶 0.6+0.4*Be(2,1.5) 0.83 (0.09) 
dens. dep. shape 𝝆  Ga(4,2.5) 10 (5) 
carrying capacity 𝝌𝟏 Ga(4,5000) 20000 (10000) 
carrying capacity 𝝌𝟐 Ga(4,1250) 5000 (2500) 
carrying capacity 𝝌𝟑 Ga(4,3750) 15000 (7500) 
carrying capacity 𝝌𝟒 Ga(4,10000) 40000 (20000) 
observation precision 𝝍 Ga(2.1,66.67) 140 (96.61) 
sex ratio 𝝎 1.6+Ga(28.08, 3.70E-3) 1.7 (0.02) 
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Figure 1. Prior probability density functions for each model parameter input in Thomas (2019), 
drawn from the distributions specified in Table 1.  Carrying capacity subscripts 1 to 4 refer to North 
Sea, Inner Hebrides, Outer Hebrides and Orkney regions, respectively. Prior means are shown as 
green dashed vertical lines. 
 

Parameters 

Adult female survival 𝝓𝒂 
Relevant studies are summarized in Table 2. Estimates of annual adult survival in the UK, obtained by 
aging teeth from shot animals are between 0.935 and 0.96 (Harwood & Prime, 1978; Hewer, 1964; 
Lonergan, 2012). Capture-mark-recapture (CMR) of adult females on breeding colonies can be used 
to estimate female survival but may produce underestimates as they are dependent on the 
assumption that females not returning to the study colony have died. Using capture-mark-recapture 
(CMR), adult survival was estimated to be between 0.871 and 0.954 (Smout, King & Pomeroy, 
submitted; see Table 2 for more details). Based on the above data, and the fact that the lower limit 
on adult survival cannot be lower than 0.8 (Lonergan, 2012), the prior on adult female survival was 
specified to allow non-zero probability density only between 0.8 and 0.97 (Thomas 2018). However, 
recent estimates from Sable Island suggest adult female survival may be above this upper bound. den 
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Heyer & Bowen (2017) used a Cormack-Jolly-Seber model to estimate age- and sex-specific adult 
survival from a long-term brand re-sighting programme on Sable Island. Average female adult survival 
was estimated to be 0.976 (SE 0.001), averaged over all animals, but was higher for younger adults 
(0.989 with SE 0.001 for age classes 4-24) than older adults (0.904 SE 0.004 for age 25+). Thus, as 
agreed by SCOS in 2018, the upper limit has been increased to 0.98; the resulting distribution is a beta 
distribution Be(1.79, 1.53) which is scaled (multiplied by 0.18 and added to 0.8) to allow non-zero 
probability density only between 0.8 and 0.98. The resulting distribution has mean 0.90 and SD 0.04. 

 

Maximum pup survival 𝝓𝒑max 
Relevant studies are summarized in Table 2.  Data from populations that were growing rapidly and 
therefore apparently not constrained by density dependence acting on pup survival were required to 
inform this prior. There are various published estimates of first-year survival during periods of 
exponential growth (Table 2). Mean estimates of pup surival were between 0.54 – 0.76. On the basis 
of these estimates, the prior on maximum female pup survival is defined as a diffuse beta distribution 
Be(2.87, 1.78) which has mean of 0.62 (SD 0.20).  Note that Pomeroy, Smout, Moss, Twiss, & King 
(2010) found high inter-annual variation in pup survival, which is not currently incorporated in the 
model. 

 

Fecundity 𝜶 
Relevant studies are summarized in Table 3. For the purposes of this model, fecundity refers to the 
proportion of breeding-age females (aged 6 and over) that give birth to a pup in a year (natality or 
birth rate). For the most part, studies have measured pregnancy rather than natality rates. The 
resulting estimates are thus maxima in terms of fecundity as abortions will cause pregnancy rates to 
exceed birth rates. Mean estimated adult female pregnancy rates from examination of shot animals 
were between 0.83 and 0.94 in the UK (Boyd, 1985; Hewer, 1964), and between 0.88 and 1 at Sable 
Island, Canada (Hammill & Gosselin, 1995). A recent study in Finland (Kauhala et al. 2019) based on 
shot animals showed pregancy rate can fluctuate significantly  (between c.0.6 and c.95) in relation to 
the environment (prey quality). CMR studies report lower estimates, which may be a result of 
unobserved pupping events (due to mark misidentification, tag loss, or breeding elsewhere), but also 
because such estimates represent births rather than pregnancy. Such studies, from Sable Island 
estimate fecundity to be between 0.57 and 0.83 (Bowen, Iverson, McMillan, & Boness, 2006; den 
Heyer & Bowen, 2017). UK estimates of fecundity rates for populations of marked study animals, 
adjusted for estimates of unobserved pupping events were 0.790 (95% CI 0.766-0.812) and 0.816 (95% 
CI 0.787-0.841) for a declining (North Rona) and increasing (Isle of May) population, respectively 
(Smout et al., Submitted).    Based on the available data, the prior on fecundity (α) is specified as a 
beta distribution Be(2, 1.5) which is scaled (multiplied by 0.4 and added to 0.6) to only allow 
probability density between 0.6 and 1.  The resulting distribution has mean 0.83 and SD 0.09. 
 

Shape of density dependence acting on pup survival 𝝆 
Pup survival at carrying capacity is not dependent on this parameter, and hence carrying capacity also 
does not depend on it.  Instead, the parameter influences the shape of the population growth 
trajectory, by determining the shape of the relationship between pup survival and pup production.  
Fowler (1981) used both theory and empirical data to suggest that most density-dependent change in 
vital rates happens close to carrying capacity for species with life history strategy typical of large 
mammals (i.e., long lived and low reproductive rate). Empirical examples (their Figure 4) show 
relationships consistent with values of 𝜌 in the range 5-10.  To avoid being too prescriptive, a diffuse 
distribution was specified: a Gamma distribution Ga(4, 2.5), which has a mean of 10 and SD 5. 
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Region-specific carrying capacity 𝝌𝟏 𝟒 
No independent information was available about carrying capacity, and so the priors were specified 
with a variance wide enough to make their influence on population size estimates negligible.  Truly 
non-informative priors (e.g., improper priors with infinite variance) make the particle filtering 
algorithm extremely inefficient, since most simulated trajectories are infeasible given the data, hence 
a trade-off is required between a prior with a large enough variance to be non-informative, but not 
too large so as to make the algorithm prohibitively inefficient.  Having the initial rejection control step 
in the algorithm helped to some extent in this regard.  Gamma distributions with a SD:mean ratio of 
1:2, with the mean set subjectively based on expert opinion (Table 1) were found to meet these 
criteria.   

 

Number of adults per adult female 𝝎 
This parameter is also referred to as the sex ratio, although strictly the ratio of males:females is given 
by ω − 1.  Relevant studies (on sex-specific survival rates) are summarized in Table 2.  A sex ratio of 
0.73:1 was derived from shot samples (Harwood & Prime, 1978). This was based on the following 
assumptions: that the shot males were a representative sample of the breeding population (≥10 years 
old); that female survival was 0.935; and that survival was the same between the sexes up until age 
10. Using telemetry tags and “hat tag” re-sighting data (taking into account detection probability 
inferred by telemetry data), sex-specific pup survival was estimated (Lonergan 2014; Table 2). 
Although there were no significant differences in survival between males and females, the mean male 
survival was lower than females. Combined with data from Hewer (1964), the resulting sex ratio would 
be between 0.66:1 and 0.68:1 (Lonergan, 2014). Also considered were pup survival estimates derived 
from shot samples from the Baltic (Kauhala, Ahola, & Kunnasranta, 2012). For Sable Island, the sex 
ratio is estimated to be 0.69:1 based on estimates of age and sex-specific survival, and assuming a 
stationary age distribution (Hammill, den Heyer, Bowen, & Lang, 2017). Based on these findings, the 
prior used was a highly informative scaled Gamma distribution Ga(4, 2.5) + 1.6. This results in a prior 
mean of 1.7 (SD 0.02); 90% of the prior probability density is between 1.68 and 1.73. 

 

Precision of the pup production estimates 𝝍 
The pup production estimates at colony level from aerial survey data generally have a coefficient of 
variation of 10% or less. Uncertainty in the ground count estimates is not quantified.  The resulting 
uncertainty in pup production at the region level is hard to predict – if the colony estimates were 
independent it would be smaller, but they are not independent since they share some parameters.  
Hence a moderately diffuse prior was specified on 𝜓 (Ga(2.1,66.67), implying a prior on CV of pup 
production (which is 1 𝜓⁄ ) of 10% with SD 5 (i.e., with 90% of the prior probability density between 
5% and 20%). 
 
 



SCOS-BP 19/02                           Not to be cited without prior permission from the authors 
 

Table 2. Survival data used to inform the survival and sex ratio priors. CMR refers to Capture-Mark-Recapture studies and can be based on brands (permanent 
but can be misidentified), passive tagging (can be lost or misidentified), active tagging (can be lost), Photo-ID (can be misidentified). Except for active tagging, 
estimates of survival depend on the accuracy of re-sighting probabilities and, if appropriate, tag loss. If sex-specific sample sizes are not reported then total 
n is given. 

Age 
class 

females 
 

males Total 
n 

Time 
period 

Data Location Considerations Source 
mean uncertainty n mean uncertainty n 

Pup 0.66  1036  0.66  294  
1972, 
1975 

Aged shot 
individuals 

Farne Islands, 
UK 

Accounted for effect of previous 
culls on sample structure. Based 
on life tables. 

Harwood & Prime 1978 

Pup 0.65 
95% CIs:  
0.39 - 0.85 

180  0.50 
95% CIs:  
0.25 – 0.75 

182  
1997 - 
1999 

CMR (hat tag)  
 

Isle of May 
and Farne 
Islands, UK 

Tag loss accounted for. 
Telemetry data used to inform 
re-sighting probability 

Reanalysis of data from Hall, 
McConnell & Barker 2001; Hall, 
McConnell & Barker 2002; grey 
pup seal telemetry data (Carter et 
al., 2017) 

Pup 0.54 
95% CIs:  
0.18 - 0.86 

27  0.43 
95% CIs:  
0.11 – 0.82 

28  2002 

CMR 
(telemetry 
data) 
 

Isle of May, 
UK 

Tag loss accounted for 
Reanalysis of data from Hall, 
Thomas & McConnell 2009 

Pup 
0.76 
0.55 

   
0.38 
0.53 

  
1185 
2295 

2000 - 
2004 
2005 - 
2009 

Aged shot 
individuals 

Baltic 
Samples assumed representative. 
Based on life tables 

Kauhala, Ahola & Kunnasranta 
2012 

≤ 4 
0.735 
0.331 

SE = 0.016 
SE = 0.024 

1700 
1182 

     

1985 - 
1989 
1998 - 
2002 
 

CMR (brand) 
Sable Island, 
Canada 

Includes the data from Schwarz 
& Stobo (2000) 

den Heyer, Bowen & Mcmillan 
2014 

Adult 0.95  239      
1956 - 
1966 

Aged shot 
individuals 

UK 
Samples assumed representative. 
Based on life tables 

Data from Hewer 1974, analysed by 
Lonergan 2012 

≥ 10     0.80  294  
1972, 
1975 

Aged shot 
individuals 

Farne Islands, 
UK 

Accounted for population 
trajectory. Assumed samples are 
representative within focal age 
class. 

Harwood & Prime 1978    

≥ 7 
0.935 
(0.90-
0.96) 

 1036      
1972, 
1975 

Aged shot 
individuals 

Farne Islands, 
UK 

As above 
Harwood & Prime 1978   
(reanalysed by Lonergan 2012) 

Adult 0.941 

95% CIs: 
0.929 - 
0.954 
 

273      
1987 - 
2014 

CMR (brand, 
flipper tag, 
photo ID) 

Isle of May 

Tag loss and differential sighting 
probability accounted for. 
Survival confounded with 
permanent emigration 

Smout, King & Pomeroy, 
Submitted  

Adult 0.886 
95% CIs: 
0.871 - 
0.900 

584      
1993 - 
2013 

As above 
North Rona, 
UK 

As above As above 

≥4 0.976 SE = 0.001 3178    1727  
1969 - 
2002 

CMR (brand) 
Sable Island, 
Canada 

Tagged as pups. Confounded 
with permanent emigration (rare) 

den Heyer & Bowen 2017 
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4-24 0.989 SE = 0.001 
As 
above 

 0.970 SE = 0.002 
As 
above 

 
As 
above 

As above As above As above As above 

≥25 0.904 SE = 0.004 
As 
above 

 0.77 SE = 0.01 
As 
above 

 
As 
above 

As above As above As above As above 

Adult 0.976 SE = 0.001 
As 
above 

 0.943 SE = 0.003 
As 
above 

 
As 
above 

As above) As above As above As above 

 
 
Table 3. Fecundity data used to inform the fecundity priors. CMR refers to Capture-Mark-Recapture studies and can be based on brands (permanent but 
can be misidentified), passive tagging (can be lost or misidentified), Photo-ID (can be misidentified). Estimates of fecundity depend on the accuracy of re-
sighting probabilities and, if appropriate, tag loss. 

Rate Mean Uncertainty n 
Time 
period 

Data Location Considerations Source 

Pregnancy 0.93  79 1956 - 
1963 

Shot samples   Hewer 1964 

Pregnancy 0.94 95% CIs: 
0.89 - 0.97 

140 1979 - 
1981 

Shot samples Farne Islands, 
UK 

 Boyd 1985 

Pregnancy 0.83 95% CIs: 
0.74 - 0.89 

88 1978 Shot samples Outer Hebrides, 
UK 

 Boyd 1985 

Pregnancy 0.88-1  526 1968 - 
1992 

Shot samples Canada Aged ≥ 6 years old Hammill & Gosselin 1995 

Pregnancy 0.83   2011-2016 Shot samples Finland Age 6-24 years old HELCOM 2018 
Birth  0.73 0.015 174 1983 - 

2005 
CMR (brand) Sable Island, 

Canada 
Aged 4-15 years.  
Unobserved pupping not considered (likely rare) 

Bowen et al. 2006 

Birth 0.83 0.034 32 1983 - 
2005 

As above  As above Aged 16-25 year 
Unobserved pupping not considered (likely rare) 

As above  

Birth 0.57 0.03 39 1983 - 
2005 

As above  As above Aged 26-35 years 
Unobserved pupping not considered (likely rare) 

As above 

Birth 0.790 95% CIs: 
0.766 - 0.812 

584 1993 - 
2013 

CMR (brand, flipper 
tag, photo ID) 

North Rona, UK Accounted for unobserved pupping Smout et al. Submitted 

Birth 0.816 95% CIs: 
0.787 - 0.841 

273 1987 - 
2014 

CMR 
(brand, flipper tag, 
photo ID) 

Isle of May, UK As above As above 

Birth 0.79  1727 1992 - 
2002 

CMR (brand) Sable Island, 
Canada 

Estimated transitions:  
unobserved to breeder = 0.41 - 0.64,  
breeder to breeder = 0.76 – 0.89  

den Heyer & Bowen 2017 

Birth 0.83   2011-2016 Shot samples Finland Age 7-25 years old HELCOM 2018 
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