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Table S1. Pup production estimates used in the population dynamics model. NA denotes missing data.   7 

Year North Sea Inner Hebrides Outer Hebrides Orkney Total 

1984 1325 1332 7594 4741 14992 

1985 1711 1190 8165 5199 16265 

1986 1834 1711 8455 5796 17796 

1987 1867 2002 8777 6389 19035 

1988 1474 1960 8689 5948 18071 

1989 1922 1956 9275 6773 19926 

1990 2278 2032 9801 6982 21093 

1991 2375 2411 10617 8653 24056 

1992 2436 2816 12215 9854 27321 

1993 2710 2923 11915 11034 28582 

1994 2652 2719 12054 11851 29276 

1995 2757 3050 12713 12670 31190 

1996 2938 3117 13176 14531 33762 

1997 3698 3076 11946 14395 33115 

1998 3989 3087 12434 16625 36135 

1999 3380 2787 11759 15720 33646 

2000 4303 3223 13472 16546 37544 

2001 4134 3032 12427 18196 37789 

2002 4520 3096 11248 17952 36816 

2003 4870 3386 12741 18652 39649 

2004 5015 3385 12319 19123 39842 

2005 5232 3427 12397 18126 39182 

2006 5484 3470 11719 19332 40005 

2007 5771 3118 11342 19184 39415 

2008 6501 3317 12279 17813 39910 

2009 7360 NA 11887 18548 NA 

2010 8119 3108 11831 18582 41640 
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Table S2. Estimates of population size of seals associated with regularly-monitored colonies, in 9 

thousands, at the beginning of each breeding season from 1984-2010, made using the model of British 10 

grey seal population dynamics fitted to pup production estimates from 1984-2010 and the total 11 

population estimate from 2008.  Numbers are posterior means followed by 95% credible intervals in 12 

brackets.   The last column is the ratio of estimated total population size in each year and that of the 13 

previous year. 14 

Year North Sea Inner Hebrides Outer Hebrides Orkney Total Growth rate 

1984 4.8 (4 5.9) 5.1 (4.2 6.3) 23.9 (19.7 29.6) 19.2 (15.9 23.5) 53 (44.7 64) - 

1985 5.1 (4.3 6.2) 5.4 (4.4 6.6) 25.3 (20.8 31.3) 20.4 (17 24.8) 56.2 (47.4 67.8) 1.06 (1.04 1.1) 

1986 5.5 (4.6 6.6) 5.7 (4.7 6.9) 26.7 (22.1 32.9) 21.7 (18.2 26.3) 59.5 (50.5 71.5) 1.06 (1.03 1.1) 

1987 5.9 (5 7.1) 6 (5 7.3) 28 (23.3 34.4) 23.1 (19.5 28) 63 (53.7 75.6) 1.06 (1.03 1.1) 

1988 6.3 (5.3 7.6) 6.4 (5.3 7.7) 29.1 (24.2 35.8) 24.7 (20.9 30) 66.5 (56.9 80) 1.06 (1.03 1.1) 

1989 6.7 (5.7 8.2) 6.7 (5.6 8.2) 30 (24.8 36.8) 26.4 (22.3 32) 69.9 (59.7 84.2) 1.05 (1.03 1.1) 

1990 7.2 (6.1 8.7) 7 (5.9 8.6) 30.7 (25.3 37.7) 28.2 (23.9 34.2) 73.1 (62.4 88.3) 1.05 (1.03 1.1) 

1991 7.7 (6.5 9.3) 7.3 (6.1 9) 31.1 (25.6 38.3) 30.1 (25.5 36.4) 76.2 (64.9 92.2) 1.04 (1.03 1.1) 

1992 8.2 (7 10) 7.6 (6.3 9.3) 31.3 (25.7 38.7) 32 (27.1 38.7) 79.2 (67.3 95.8) 1.04 (1.03 1.1) 

1993 8.8 (7.4 10.7) 7.8 (6.5 9.6) 31.3 (25.8 38.7) 34 (28.8 41.1) 82 (69.7 99.1) 1.04 (1.03 1) 

1994 9.4 (7.9 11.4) 8 (6.6 9.9) 31.2 (25.7 38.5) 36 (30.4 43.5) 84.6 (71.9 102.2) 1.03 (1.02 1) 

1995 10.1 (8.5 12.2) 8.1 (6.7 10.1) 30.9 (25.5 38.1) 38 (32.1 45.8) 87.1 (74 105.1) 1.03 (1.02 1) 

1996 10.8 (9.1 13.1) 8.2 (6.7 10.2) 30.5 (25.2 37.5) 39.9 (33.6 48.2) 89.4 (76.1 107.7) 1.03 (1.02 1) 

1997 11.5 (9.7 14) 8.2 (6.7 10.2) 30.1 (25 36.9) 41.7 (35 50.3) 91.5 (78 110.1) 1.02 (1.01 1) 

1998 12.3 (10.3 14.9) 8.1 (6.7 10.1) 29.7 (24.7 36.3) 43.3 (36.3 52.3) 93.4 (79.7 112.1) 1.02 (1.01 1) 

1999 13.1 (11 15.9) 8.1 (6.6 10) 29.3 (24.4 35.7) 44.5 (37.3 53.8) 95 (81.1 113.8) 1.02 (1.01 1) 

2000 14 (11.7 17) 8 (6.6 9.9) 28.9 (24.2 35.2) 45.5 (37.9 54.9) 96.4 (82.4 115.1) 1.01 (1 1) 

2001 14.9 (12.4 18.1) 7.9 (6.5 9.7) 28.6 (23.9 34.7) 46.1 (38.3 55.6) 97.5 (83.3 116.2) 1.01 (1 1) 

2002 15.9 (13.2 19.3) 7.8 (6.4 9.6) 28.4 (23.7 34.4) 46.3 (38.4 56) 98.4 (84.1 117) 1.01 (0.99 1) 

2003 16.9 (14 20.5) 7.7 (6.4 9.4) 28.2 (23.6 34.1) 46.3 (38.2 56) 99.1 (84.6 117.7) 1.01 (0.99 1) 

2004 18 (14.8 21.8) 7.6 (6.3 9.3) 28.1 (23.5 34) 46 (37.9 55.8) 99.7 (85.1 118.4) 1.01 (0.99 1) 

2005 19.1 (15.6 23.2) 7.5 (6.2 9.2) 28 (23.4 34) 45.6 (37.4 55.6) 100.3 (85.5 119.1) 1.01 (0.99 1) 

2006 20.2 (16.3 24.8) 7.5 (6.2 9.2) 28.1 (23.4 34.1) 45.1 (36.8 55.3) 100.9 (86 119.8) 1.01 (0.99 1) 

2007 21.4 (16.8 26.4) 7.4 (6.2 9.1) 28.1 (23.4 34.3) 44.6 (36.2 55.1) 101.5 (86.5 120.7) 1.01 (0.99 1) 

2008 22.5 (17 28.2) 7.4 (6.1 9.1) 28.2 (23.5 34.5) 44.1 (35.6 54.9) 102.2 (87 121.6) 1.01 (0.99 1) 

2009 23.7 (17.1 30.1) 7.4 (6.1 9.1) 28.4 (23.6 34.8) 43.6 (35 54.6) 103.1 (87.6 122.8) 1.01 (0.99 1) 

2010 24.8 (17.1 32.1) 7.4 (6.2 9.1) 28.5 (23.6 35.1) 43.1 (34.6 54.4) 104 (88.1 124.1) 1.01 (0.99 1) 
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Table S3. Population age structure estimated using posterior mean parameter estimates and assuming 16 

deterministic population dynamics.  Left column shows stable age structure during initial exponential 17 

stage of population growth; right column shows stable age structure at carrying capacity.  Age 0 (pups) 18 

are both males and females; ages 1 and higher are females. 19 

 Proportion of population at this age 

Age During exponential growth At carrying capacity 

0 (male and female pups) 0.332 0.412 

1 (females) 0.074 0.029 

2 (females) 0.066 0.027 

3 (females) 0.059 0.025 

4 (females) 0.052 0.024 

5 (females) 0.046 0.023 

6+ (females) 0.371 0.460 

20 



Table S4. 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 21 

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, 22 

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 23 

n is given. 24 

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 

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 
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Table S5. Fecundity data used to inform the fecundity priors. CMR refers to Capture-Mark-Recapture studies and can be based on brands (permanent but can 26 

be misidentified), passive tagging (can be lost or misidentified), Photo-ID (can be misidentified). Estimates of fecundity depend on the accuracy of re-sighting 27 

probabilities and, if appropriate, tag loss. 28 

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 Sable Island, 

Canada 

Aged ≥ 6 years old Hammill & Gosselin 

1995 

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 

 29 



 30 

Figure S1. Map showing the location of all grey seal colonies in the UK and Isle of Man.  Regularly 31 

monitored colonies, which are the ones included in the analysis undertaken in this paper, are colour 32 

coded by region: Inner Hebrides (cyan), Outer Hebrides (pink), Orkney (blue) and North Sea (central – 33 

orange, south – red; these were combined in the analysis reported here).  Also shown are the names 34 

and boundaries of Seal Management Units associated with these regions.  35 



 36 

Figure S2. Illustration of the effect of the density dependence parameters β (rate) and � (shape) on 37 

the relationship between pup production �� and pup survival ϕ�.   Top panel: β varies while � is set 38 

at 1; increasing β increases the overall rate at which survival decreases.  Bottom panel: � varies while 39 

β is set at 0.0018. Increasing � causes survival to remain higher as pup production increases, but then 40 

decline more steeply when it does start to decline.  In this illustration, all other model parameters are 41 

set at their prior means (Table 1).    42 



 43 

Figure S3. Prior probability density functions for each model parameter, drawn from the distributions 44 

specified in Table 1.  Prior means are shown as green dashed vertical lines. 45 

  46 



 47 

Figure S4. Log-scale plot of posterior mean estimates of regional pup production (solid lines) from the 48 

state-space model, with 95% credible intervals (dashed lines).  Thick red lines show results from model 49 

fitted to pup production plus the total population estimate of 2008; thinner blue lines show the fit to 50 

pup production alone.  Circles show pup production data.  This is the same information as is shown in 51 

Figure 1, but with the y-axis on the log scale.  On this scale, exponential population growth appears as 52 

a straight line. 53 

  54 



55 

 56 

Figure S5. Posterior mean estimates of total pup production in annually monitored colonies (solid 57 

lines) from the state-space model, with 95% credible interval (dashed lines).  Thick red lines show 58 

results from the model the fit to pup production data plus the total population estimate; thinner blue 59 

lines show the fit to pup production data alone.  Circles show pup production data.  The two plots 60 

contain the same data, but in the lower one the y-axis is on the log scale. 61 

  62 



 63 

Figure S6. Histogram showing 100,000 bootstrap estimates of total population size from Russell et al. 64 

(2016), after scaling by multiplying by 0.9234 so it represents population size associated with only 65 

colonies regularly monitored.  Red line shows the fitted right-shifted gamma distribution used in the 66 

state-space model, which has parameter values κ� = 59167.84161, κ� = 12.95541, κ� =67 

2719.37889. 68 



 69 

Figure S7. Log scale plot of posterior mean estimates of adult population size (solid lines) and 95% 70 

credible interval (dashed lines).  Thick red lines show the fit to pup production data plus the total 71 

population estimate of 2008; thinner blue lines show the fit to pup production data alone.  This is the 72 

same information as is shown in Figure 2, but with the y-axis on the log scale. 73 

  74 



 75 

 76 

Figure S8. Posterior mean estimates of regional adult population size (solid lines) and 95% credible 77 

interval (dashed lines).  Thick red lines show the fit to pup production data plus the total population 78 

estimate of 2008; thinner blue lines show the fit to pup production data alone. 79 

  80 



 81 

Figure S9. Log-scale plot of posterior mean estimates of regional adult population size (solid lines) 82 

and 95% credible interval (dashed lines).  Thick red lines show the fit to pup production data plus the 83 

total population estimate of 2008; thinner blue lines show the fit to pup production data alone.  This 84 

is the same information shown in Figure S8, but with the y-axis on the log scale. 85 

  86 



 87 

 88 

Figure S10. Pairwise scatterplots and correlation coefficients for posterior parameter distributions of 89 

the state-space model of grey seal population dynamics, fitted to pup production estimates plus the 90 

total population estimate of 2008.  Diagonal elements are univariate marginal posterior densities.  91 

(Note that, for presentational reasons, a subset of 10,000 posterior samples were selected at random 92 

for display.)  93 



 94 

 95 

Figure S11. Posterior (histograms) and prior (solid lines) parameter distributions for the state-space 96 

model fitted to pup production estimates from 1984-2010 alone – i.e., without the independent 97 

estimate of (scaled) total populations size from 2008.  The vertical dashed line shows the posterior 98 

mean; its value is also given in the title of each plot below the parameter name, with the associated 99 

standard deviation in parentheses.  100 



S2. Justification for prior distributions 101 

Prior distributions are required for the following model parameters: adult female survival ��, 102 

maximum pup survival ��max, fecundity �, shape of density dependence acting on pup survival �, 103 

region-specific carrying capacity (in terms of pup production) χ���, number of adults per female �, 104 

and precision of the pup production estimates  .  The data used to inform these priors are presented 105 

below and in Tables S4 and S5. The resulting prior distributions are summarized in the main paper 106 

Table 1 and shown in Figure S3. Further discussion of prior selection is given in Longeran (2012), 107 

Longeran (2014) and Russell (2017). 108 

S2.1 Adult female survival �� 109 

Relevant studies are summarized in Table S4. Estimates of annual adult survival in the UK, obtained 110 

by aging teeth from shot animals  are between 0.935 and 0.96 (Harwood & Prime, 1978; Hewer, 1964; 111 

Lonergan, 2012). Capture-mark-recapture (CMR) of adult females on breeding colonies can be used 112 

to estimate female survival but may produce underestimates as they are dependent on the 113 

assumption that females not returning to the study colony have died. Using capture-mark-recapture 114 

(CMR), adult survival was estimated to be 0.886 (95% CI 0.871-0.900) and 0.941 (95% CI 0.929-0.954) 115 

for a declining (North Rona) and increasing (Isle of May) population, respectively (Smout, King & 116 

Pomeroy, submitted). Based on the above data, and the fact that  the lower limit on adult survival 117 

cannot be lower than 0.8 (Lonergan, 2012), the prior on adult female survival is specified as a beta 118 

distribution Be(1.6, 1.2) which is scaled (multiplied by 0.17 and added to 0.8) to allow non-zero 119 

probability density only between 0.8 and 0.97. The resulting distribution has mean 0.90 and SD 0.04. 120 

However, recent estimates from Sable Island suggest adult female survival may be above this upper 121 

bound. den Heyer & Bowen (2017) used a Cormack-Jolly-Seber model to estimate age- and sex-specific 122 

adult survival from a long-term brand re-sighting programme on Sable Island. Average female adult 123 

survival was estimated to be 0.976 (SE 0.001), averaged over all animals, but was higher for younger 124 

adults (0.989 with SE 0.001 for age classes 4-24) than older adults (0.904 SE 0.004 for age 25+). 125 

S2.2 Maximum pup survival ��max 126 

Relevant studies are summarized in Table S4.  Data from populations that were growing rapidly and 127 

therefore apparently not constrained by density dependence acting on pup survival were required to 128 

inform this prior. There are various published estimates of first-year survival during periods of 129 

exponential growth (Table S4). Mean estimates of pup surival were between 0.54 – 0.76. On the basis 130 

of these estimates, the prior on maximum female pup survival is defined as a diffuse beta distribution 131 

Be(2.87, 1.78) which has mean of 0.62 (SD 0.20).  Note that Pomeroy, Smout, Moss, Twiss, & King 132 

(2010) found high inter-annual variation in pup survival, which is not currently incorporated in the 133 

model. 134 

S2.3 Fecundity � 135 

Relevant studies are summarized in Table S5. For the purposes of this model, fecundity refers to the 136 

proportion of breeding-age females (aged 6 and over) that give birth to a pup in a year (natality or 137 

birth rate). For the most part, studies have measured pregnancy rather than natality rates. The 138 

resulting estimates are thus maxima in terms of fecundity as abortions will cause pregnancy rates to 139 

exceed birth rates. Mean estimated adult female pregnancy rates from examination of shot animals 140 

were between 0.83 and 0.94 in the UK (Boyd, 1985; Hewer, 1964), and between 0.88 and 1 at Sable 141 

Island, Canada (Hammill & Gosselin, 1995). CMR studies report lower estimates, which may be a result 142 

of unobserved pupping events (due to mark misidentification, tag loss, or breeding elsewhere), but 143 

also because such estimates represent births rather than pregnancy. Such studies, from Sable Island 144 

estimate fecundity to be between 0.57 and 0.83 (Bowen, Iverson, McMillan, & Boness, 2006; den 145 

Heyer & Bowen, 2017). UK estimates of fecundity rates for populations of marked study animals, 146 

adjusted for estimates of unobserved pupping events were 0.790 (95% CI 0.766-0.812) and 0.816 (95% 147 

CI 0.787-0.841) for a declining (North Rona) and increasing (Isle of May) population, respectively 148 

(Smout et al., Submitted).    Based on the available data, the prior on fecundity (α) is specified as a 149 



beta distribution Be(2, 1.5) which is scaled (multiplied by 0.4 and added to 0.6) to only allow 150 

probability density between 0.6 and 1.  The resulting distribution has mean 0.83 and SD 0.09. 151 

S2.4 Shape of density dependence acting on pup survival � 152 

Pup survival at carrying capacity is not dependent on this parameter (Eqn. 4, main paper), and hence 153 

carrying capacity also does not depend on it.  Instead, the parameter influences the shape of the 154 

population growth trajectory, by determining the shape of the relationship between pup survival and 155 

pup production (Figure S1).  Fowler (1981) used both theory and empirical data to suggest that most 156 

density-dependent change in vital rates happens close to carrying capacity for species with life history 157 

strategy typical of large mammals (i.e., long lived and low reproductive rate). Empirical examples (their 158 

Figure 4) show relationships consistent with values of � in the range 5-10.  To avoid being too 159 

prescriptive, a diffuse distribution was specified: a Gamma distribution Ga(4, 2.5), which has a mean 160 

of 10 and SD 5. 161 

S2.5 Region-specific pup production at carrying capacity χ1−4 162 

No independent information was available about carrying capacity, and so the priors were specified 163 

with a variance wide enough to make their influence on population size estimates negligible.  Truly 164 

non-informative priors (e.g., improper priors with infinite variance) make the particle filtering 165 

algorithm extremely inefficient, since most simulated trajectories are infeasible given the data, hence 166 

a trade-off is required between a prior with a large enough variance to be non-informative, but not 167 

too large so as to make the algorithm prohibitively inefficient.  Having the initial rejection control step 168 

in the algorithm helped to some extent in this regard.  Gamma distributions with a SD:mean ratio of 169 

1:2, with the mean set subjectively based on expert opinion (Table 1) were found to meet these 170 

criteria.  For the three regions where pup production increased to an asymptote (Inner Hebrides, 171 

Outer Hebrides and Orkney) the posterior overwhelmed the prior (prior-posterior overlap < 15%, 172 

Table 1).  For the remaining region (North Sea), where pup production is still growing at a near-173 

exponential rate, the estimate of population size is not strongly affected by density dependent 174 

processes and any prior distribution that is reasonably far above the current population counts will 175 

have no influence on historical or current estimates of population size in that region.  Note, however, 176 

that since there is little information with which to set this prior, one should be cautious with 177 

interpretation regarding carrying capacity in the case (as with North Sea) that the prior strongly 178 

influences the posterior (see also Section 4.2, main paper). 179 

S2.6 Number of adults per female � 180 

This parameter is also referred to as the sex ratio, although strictly the ratio of males:females is given 181 

by ω − 1.  Relevant studies (on sex-specific survival rates) are summarized in Table S4.  A sex ratio of 182 

0.73:1 was derived from shot samples (Harwood & Prime, 1978). This was based on the following 183 

assumptions: that the shot males were a representative sample of the breeding population (≥10 years 184 

old); that female survival was 0.935; and that survival was the same between the sexes up until age 185 

10. Using telemetry tags and “hat tag” re-sighting data (taking into account detection probability 186 

inferred by telemetry data), sex-specific pup survival was estimated (Lonergan 2014; Table A1). 187 

Although there were no significant differences in survival between males and females, the mean male 188 

survival was lower than females. Combined with data from Hewer (1964), the resulting sex ratio would 189 

be between 0.66:1 and 0.68:1 (Lonergan, 2014). Also considered were pup survival estimates derived 190 

from shot samples from the Baltic (Kauhala, Ahola, & Kunnasranta, 2012). For Sable Island, the sex 191 

ratio is estimated to be 0.69:1 based on estimates of age and sex-specific survival, and assuming a 192 

stationary age distribution (Hammill, den Heyer, Bowen, & Lang, 2017). Based on these findings, the 193 

prior used was a highly informative scaled Gamma distribution Ga(4, 2.5) + 1.6. This results in a prior 194 

mean of 1.7 (SD 0.02); 90% of the prior probability density is between 1.68 and 1.73. 195 



S2.6 Precision of the pup production estimates   196 

The pup production estimates at colony level from aerial survey data generally have a coefficient of 197 

variation of 10% or less (Russell et al. submitted). Uncertainty in the ground count estimates is not 198 

quantified.  The resulting uncertainty in pup production at the region level is hard to predict – if the 199 

colony estimates were independent it would be smaller, but they are not independent since they share 200 

some parameters (Russell et al. submitted).  Hence a moderately diffuse prior was specified on   201 

(Ga(2.1,66.67), implying a prior on CV of pup production (which is 1  ⁄ ) of 10% with SD 5 (i.e., with 202 

90% of the prior probability density between 5% and 20%). 203 

S3. Details of state-space model fitting algorithm 204 

Note that computer code to implement this algorithm for the grey seal state-space model, in ANSI C, 205 

is provided as further Supporting Information. 206 

Let $ denote the vector of model parameters, %&$' the prior probability density function (pdf) of these 207 

parameters, �( the vector of states at time t (length 28 (7 ages × 4 regions)), *�&��|$' the prior pdf 208 

of the states at time t=0, *&�(|�(��, $' the state process pdf, ,( the vector of pup production 209 

observations at time t (4 regions) and -&,(|�(, $' be the observation process pdf.  . = 0 corresponds 210 

to 1984, while t=26 corresponds to 2010; the symbol 0 is also used for the last time period.  Let 211 

%&��:2 , $|,�:2' denote the posterior distribution of the states and parameters given the observations. 212 

The main algorithm, to generate a weighted set of 3 particles drawn from %&��:2 , $|,�:2' is as follows. 213 

1. Initialize. Generate 3 draws of $ and �� (“particles”) by sampling from %&$' and *�&$'.  214 

Denote these $[5] and ��
[5]

 where 7 = 1, … , 3. 215 

2. Initial rejection control.   216 

a. For each particle, generate a value for ��
[5]

 from * 9��|��
[5], $[5]: (i.e., simulate one 217 

time step forward using the population dynamics model) and calculate the likelihood 218 

weights ;�
∗[5] =  - 9,�|��

[5], $[5]:. 219 

b. Retain each particle with probability equal to >�
[5]=min 9;�

∗[5] ;AB , 1: where ;A =220 

�
C ∑ ;�

∗[E]CEF�  is the mean of the weights.  For those particles retained, set ;�
[5] =221 

;�
∗[5]/>�

[5]
.  Standardize the weights so they have a mean (over all particles) of 1 (see 222 

below). 223 

3. Repeat steps 1 and 2 until at least 3 particles have been retained (if more than 3 are retained 224 

then keep only the first 3).  Set . = 1. 225 

4. Auxiliary particle filter with kernel smoothing. 226 

a. Prepare for the kernel smoothing that takes place in step e. 227 

i. Transform each parameter vector onto the real line using H[5] = ℎJ$[5]K 228 

where the transformation operator ℎ&$' applies a logit transform to &0,1' 229 

bounded parameters and a log transform to [0, ∞' bounded parameters. 230 

ii. Calculate the transformed parameter means H̅ =  ∑ ;5H[5]/N5F� ∑ ;5N5F�     231 

iii. Calculate the transformed parameter variance-covariance matrix, O, by 232 

binding the N vectors H[�], … , H[C] together to create a 10xN matrix and 233 

calculating its weighted covariance matrix using the weight vector ;. 234 

b. Set . = . + 1 235 

c. For each particle, calculate the expected value �(
∗[5]

= Q 9�(|�(��
[5] , $[5]:. (This is simply 236 

a deterministic projection one time step forward using the population dynamics 237 

model.)  Calculate the likelihood weights ;(
∗[5] =  ;(��

[5] - 9,(|�(
∗[5], $[5]:. 238 



d. Resample 3 particles with replacement using tempered resampling to retain particle 239 

diversity, with normalized probability weights R(
[5] ∝ ∜9;(

∗[5]:.  A residual resampling 240 

algorithm (Lui and Chen 1998) is used to reduce Monte Carlo error: 241 

i. For  7 = 1, … , 3, keep U(
[5] = V3R(

[5]W copies of particle 7. 242 

ii. Set  3X = 3 − ∑ U(
[5]CY5F�Z  and  R[(

[5] ∝ 3R(
[5] − U(

[5]
 for 7 = 1, … , 3. 243 

iii. Sample 3X particles with replacement with probabilities R[(
[5]. 244 

We index the 3 resampled particles with [\] to distinguish them from the original 245 

particles (which were indexed with [7]). 246 

e. Using the resampled set of particles, kernel smooth the parameters. For  \ = 1, … , 3: 247 

i. Generate new parameter vectors H∗[E] = ]H[E] + &1 − ]' Ê where ] is a 248 

tuning parameter with 0 ≤ ] ≤ 1 (see below) and Ê  is a sample from a 249 

multivariate normal distribution  250 

Ê~aO3 bH̅, 1 + ]
1 − ] Oc 251 

The tuning parameter ] controls the degree of smoothing; in the runs 252 

reported here, minimal smoothing was applied by setting ] =0.99997. 253 

ii. Set $[E] = ℎ��JH∗[E]K 254 

f. For each resampled particle, generate a value for �(
[E]

 from * 9�(|�(��
[E] , $[E]: and 255 

calculate the weights ;(
[E] =  ;(��

[E] - 9,(|�(
[E], $[E]: R(

[E]B .  Standardize the weights so 256 

they have a mean (over all particles) of 1 (see below). 257 

5. Repeat step 4 until . = 0. 258 

6. Final rejection control.  Standardize the weights so they have a mean (over all particles) of 1 259 

(see below) and call them ;2
∗[5]

, 7 = 1, … , 3.  Retain each particle with probability equal to 260 

min 9;2
[5] ;AB , 1: where ;A = 100.  For those particles retained, set ;2

[5] = ;2
∗[5]/>2

[5]
. 261 

The result is a set of weighted particles d&��:2
[5] , $[5], ;2

[5]'e , 7 = 1, … , 3 that represent a weighted 262 

sample from the posterior %&��:2, $|,�:2'.  To make inferences about state or parameter values, 263 

appropriate weighted averages can be calculated – for example the posterior mean estimate of the 264 

parameters is given by QfJ%&$|,�:2'K = ∑ ;2
[5]$[5]C5F� ∑ ;2

[5]C5F�B . 265 

In practice, to provide sufficient Monte Carlo accuracy the above algorithm was executed 400 times, 266 

each time with N = 1,000,000, and the resulting particles combined (after a further rejection control 267 

step with ;A = 1,000).  A step that has not been documented here is standardizing the weights: at 268 

each time step the weights were standardized so their mean was approximately 1, in order to prevent 269 

numerical underflow.  The standardization must use the same divisor in each of the 400 iterations, 270 

and so the divisors were pre-calculated in an initial pilot run of the algorithm. 271 
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