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Abstract
As an initial illustrative exercise, a population model for Robben Island penguins, which includes dependency of reproductive success and survival rate on pelagic fish abundance, is fitted to moult count information for the colony. The results indicate a strong dependence of adult penguin survival rate on sardine abundance west of Cape Agulhas. However, the logistic transformation used to ensure respect of biological constraints on these demographic parameters leads to some problems in extending the approach to Bayesian estimation. Further work will explore use of the beta distribution and the incorporation of further data for the penguin population in the fitting process.
Introduction
Penguin–fisheries population modelling carried out in 2008 is summarised in MARAM IWS/DEC/PA/P1. MARAM IWS/DEC10/PA/P2 contains some recent comments on those analyses and responses thereto. This paper follows on from MARAM IWS/DEC10/PA/P2 in implementing some of the structural model changes put forward in those responses.
At this stage, the model has deliberately been kept simple to enable a focus first on key estimation properties. Thus the model is restricted to a closed population analysis of the Robben Island colony fitted to penguin moult count data. Other penguin data can be added in due course.
The paper sets out the basic methodology, and gives results for an initial reference case model fit. Results for variants of this case will follow.
Basic dynamics



The model considers the number of female penguins  at the start (1 January) of year  of age  at Robben Island (see Figure 1). The initial population size (at the start of year 1988) and structure is:

		



where  is the plus-group age. Both  and  are parameters whose values are estimated.
The following equations describe the population trajectory:

		
with

		
where


	is the adult (post 1 January of first year of life) annual survival rate in year ,

	is the annual reproductive success (number of chicks per mature female reaching 1 January of the year following birth, where 50% of these chicks are assumed to be female),

	is the age at which the penguins first attempt to breed,


	is the proportion of chicks thought to have died as a result of an oil spill in year ,


	is the number of juvenile and adult penguins thought to have died as a result of oiling in year  (see Table 6 in document MARAM IWS/DEC10/PA/P4), and


	is the month in which the oil spill occurred in year .
Note that this (initial) version of the model is closed, i.e. without immigration or emigration.
Population model


Both the annual adult survival rate  and the annual reproductive success  are assumed to depend on some function of prey biomass (the deterministic effect), but to be influenced also by some noise (random effects). Two formulations have been implemented with the aims of respecting biologically plausible bounds and ensuring that the optimization routine is stable. In the first case an adjusted logistic transformation maps the estimated values onto the specified ranges, while in the second case the estimates are drawn from a beta distribution which is bounded by definition. The equations concerning the annual adult survival rate follow. The equations concerning reproductive success rate are completely analogous, and hence are not reproduced here.


Adult survival depends on the normalized annual biomass levels , where the time series  is some function of the sardine and anchovy November spawner biomass and May recruit biomass survey results:

		
Method 1: Adjusted logistic

In logit space, expected survival  depends on the logarithm of the normalized fish abundance:

		






where the functional form assumed here is a reference case for which estimation robustness will be checked for alternative choices. The parameters  and  are estimated. A logistic transformation relates  with added normally distributed random effects to the annual survival rate , which is constrained to fall between  and :
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The variance of the annual survival rate  which is taken to be fixed (i.e. independent of  or ). (Note that if instead the variance of  is fixed, this has the problem that the associated variance of  becomes very small when  is close to .) This is then related to , which is the variance of , as follows:
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where

		


By rearranging equation  and ignoring the random effects,  may be expressed as a function of :

		

In order to prevent  from becoming too large (as this can destabilize the estimation process), equation  is replaced by:

		
where

		

where .

The penalty term added to the negative log likelihood accounting for the adult survival residuals  is:

		
The second term on the RHS was found necessary to stabilise the estimation – essentially it forces the mean of the residuals towards zero so that this mean cannot be “traded” against other parameters in the likelihood maximisation.

Following an identical process for annual reproductive success , the corresponding penalty term is:

		
Method 2: Beta distribution





The parameter  is estimated on the interval .  is the transformed average annual survival rate  which falls in the interval :

		



Similarly, the annual survival rate  is estimated for each year on the interval  and then transformed to the range  as follows:

		
where 

		



Setting , the beta distribution parameters  and  are:

		

The penalty term added to the negative log likelihood for each year, which assumes  to be beta-distributed, is:

		
Similarly, for the random effects for reproductive success the penalty term for each year is:

		
Likelihood function
The population model is fitted to annual moult count data for both adult and juvenile birds by taking account of the negative log-likelihood functions:

		
where


 and  are respectively the standard errors of the logarithms of the adult moult counts and juvenile proportions of these counts about their true values (i.e. these reflect observation errors),



 is the number of female birds in adult plumage (aged 2 and over) counted in year , and  is the proportion of these birds susceptible for observation (assumed here to be 0.9),



 is the proportion of juvenile birds in the model at the time of the moult count (note that  factors in numerator and denominator cancel), with  being the detectability of juvenile moulters relative to adults in the counting process,


	is the number of female adult moulters observed in year  (taken to be one half of the total counted adult moulters), and


	is the observed proportion of moulters in immature plumage counted in year .
The overall (penalized) negative log-likelihood is thus:

		
Computations are readily extended to a Bayesian framework by integrating over priors for the estimable parameters of the model. In such computations the penalty terms effect integration over the random effects.
Results


At this stage, results are presented only for an initial reference case for the adjusted logistic model where  is the sardine spawner biomass west of Cape Aguhlas from the November acoustic survey, and  is the recruit biomass west of Cape Infanta from the May acoustic survey. Further results and plans for future extensions will be presented in a following document.
The model values and constants for this reference case are given in Table 1, with the priors used for Bayesian computations listed in Table 2.
Figure 2 and Figure 3 show the penalized maximum likelihood estimates for the annual adult survival and the annual reproductive success.
Figure 4 and Figure 5 show the estimated annual survival and reproductive success rates plotted against the normalized pelagic indices. The model estimated relationships are shown.
Figure 6 and Figure 7 show the estimated random effects for annual survival and annual reproductive success.
Figure 8 shows the model fit to the observed female moult counts. Figure 9 shows the model fit to the juvenile proportion data. Figure 10 and Figure 11 show the residuals for these fits.
Figure 12 to Figure 15 show the Bayesian posterior medians and 90% probability intervals for the female moult counts, juvenile proportions, annual survival and annual reproductive success. The joint posterior modes are indicated by dashed lines.
Figure 16 shows the posterior distributions for the annual survival rate and reproductive success in the years 1995 and 2005.
Discussion
Figure 4 indicates a strong relationship between annual adult survival and sardine spawner abundance. However, no strong dependence has been found between annual reproductive success and any similar pelagic index including the anchovy recruit survey estimates for which results are reported here (Figure 5). A possible reason for this last failure is that different aspects of reproductive success may depend on different pelagic signals. For example, if sardine spawner abundance affects the proportion of birds which attempt breeding, while anchovy recruit abundance best accounts for variability in chick survival, more complex forms than considered thus far would need to be examined. Alternatively, it may be that pelagic fish abundance over the period considered has always been sufficiently high not to impact reproductive success at Robben Island.








Because of the logistic transformation, the uniform priors on the  and  parameters translate to priors on  and  which are heavily U-shaped. This problem affects the posterior distributions in Figure 16, and explains why the joint posterior modes for survival rate in Figure 14 often differ from the posterior medians. This effect also influence the shapes of the marginal posterior distributions for survival rate shown in Figure 16. Continued use of the adjusted logistic approach requires the specification of priors for the  and  parameters that correspond to less informative priors for  and particularly .



Employing the beta distribution (method 2) instead would address the current logistic transformation’s problem of informative priors for  in particular. However, early attempts to do this experienced difficulties in estimating the  and  parameters which might need to be constrained to secure stable estimation. These attempts were however for models without dependence on fish abundance, and inclusion of this factor may assist estimation stability. This is a high priority for continuing analysis.
Further data which are available and could readily be included in the model are annual nest counts and tag data. As reported in MARAM IWS/DEC10/PA/P3, the tag data have been used to increase the precision of the annual survival estimates during the years for which sighting histories are available.
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Tables
[bookmark: _Ref274320254][bookmark: _Ref278206087]Table 1: Penguin population model constants and values used for the analyses of this paper.
	Constant
	Symbol
	Value

	Plus-group age
	

	5

	Age of first breeding attempt
	

	4

	Standard error of logged adult moult counts
	

	0.2

	Standard error of logged juvenile proportions
	

	0.1

	Standard deviation of survival random effect
	

	0.1

	Standard deviation of reproductive success random effect
	

	0.15

	Juvenile : adult relative moult undercount
	

	1.0

	Proportion of moulters which are observable
	

	0.9

	Minimum annual survival rate
	

	0.1

	Maximum annual survival rate
	

	0.96

	Minimum annual reproductive success rate
	

	0.1

	Maximum annual reproductive success rate
	

	1.8


[bookmark: _Ref274920280]Table 2: Parameters which are estimated for the reference case model.
	Parameter
	Symbol
	Prior

	Initial population
	

	


	
	

	


	Relationship between survival and fish abundance
	

	


	
	

	


	Relationship between reproductive success and fish abundance
	

	


	
	

	


	Random effects in annual survival
	

	


	Random effects in annual reproductive success
	

	



Figures 
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Figure 1: The timeline for an “average” penguin shows the model counting day (1 January), the peak of the breeding season (1 May) and the peak of the moult count (1 December). The observations of each moult season are made over the split year from 1 July until 30 June. Note that in the model the count for year  refers to the moult season where the December peak falls in year , which is different to the convention used in Table 1 of document MARAM IWS/DEC10/PA/P4. Also shown are the proportion of adults which survive from the model counting day to the hatching day (4 months) and the proportion of adults which survive from the model counting day until the peak of the moult season (11 months).



[bookmark: _Ref278294539]Figure 2: Penalized maximum likelihood estimates of the annual survival rate of penguins.


[bookmark: _Ref278294551]Figure 3: Penalized maximum likelihood estimates of annual reproductive success of penguins, which comprises the proportion of birds which attempt breeding, the average number of eggs laid (including double clutches), and the proportion of chicks which survive until 1 January of the following year.



[bookmark: _Ref278294684]Figure 4: The thin line is the deterministic relationship between the normalized pelagic index (sardine spawner biomass west of Cape Aguhlas) and model estimated penguin survival.

[bookmark: _Ref278294692]Figure 5: The thin line is the deterministic relationship between the normalized pelagic index (anchovy recruits west of Cape Infanta) and model estimated penguin reproductive success.

[bookmark: _Ref278295227]Figure 6: Random effects estimated for the adult annual survival rate.


[bookmark: _Ref278295234]Figure 7: Random effects estimated for the annual reproductive success rate.

[bookmark: _Ref278295299]Figure 8: Observed female moult counts (diamonds) and penalized likelihood model estimates (line). Note that the model fits shown here and in the following plots correspond to Bayesian joint posterior modes.


[bookmark: _Ref278295348]Figure 9: The annual proportion of juveniles as a fraction of the total number of moulters. Observed values are shown with diamonds and the penalized likelihood model estimates are shown with a line.



[bookmark: _Ref278295396]Figure 10: Differences between the logarithms of the observed moult counts and the penalized likelihood model estimated moult counts.


[bookmark: _Ref278295405]Figure 11: Differences between the logarithms of the observed proportions of immature birds in the moult counts and the penalized likelihood model estimated proportions.

[bookmark: _Ref278295537]Figure 12: Time series of Bayesian posterior medians and 90% probability intervals for the modelled counts of female moulters. The joint posterior modes are indicated by the dashed line.


Figure 13: Time series of Bayesian posterior medians and 90% probability intervals for the modelled proportion of immature birds in the moult count each year. The joint posterior modes are indicated by the dashed line.


[bookmark: _Ref278296210]Figure 14: Time series of Bayesian posterior medians and 90% probability intervals for the annual survival rate of penguins. The joint posterior modes are indicated by the dashed line.


[bookmark: _Ref278295556]Figure 15: Time series of Bayesian posterior medians and 90% probability intervals for the annual reproductive success of penguins. The joint posterior modes are indicated by the dashed line.




[bookmark: _Ref278295697]Figure 16: Bayesian marginal posterior distributions of the penguin survival and reproductive success for two years in the time series.
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Reproductive success
Survival random effects
Adult survival residuals	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.14197100000000001	0.486757	0.33677900000000038	0.82658599999999949	0.70014299999999996	1.04915	0.42469800000000002	-0.56235599999999997	-0.17123400000000022	1.7528499999999999E-2	0.2753140000000005	0.61583600000000005	-1.9321200000000001	0.13330700000000001	0.48667900000000008	0.4637750000000001	-1.89036	-9.048040000000003E-2	-0.21442700000000028	-9.9052200000000007E-2	-1.24305	0.19309100000000001	
Reproductive success random effects
Reproductive success residuals	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	-0.12897	-0.33268300000000051	0.38712500000000044	0.17073500000000022	-0.23171800000000028	-0.41562800000000044	3.9130400000000003E-2	8.6605000000000154E-2	8.3718900000000068E-2	0.297537	0.14160900000000001	-0.29482300000000045	0.24778400000000028	-4.8643699999999998E-2	-0.32860300000000031	-0.28769100000000003	-6.1410400000000091E-3	-0.231627	6.4282000000000034E-2	0.32681800000000089	0.48660200000000031	-5.1257200000000003E-3	
Model	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	1944.95	2046.6499999999999	2260.6999999999998	2545.8500000000017	2974.03	3488.67	3453.7	3468.17	3487.88	4206.8900000000003	5055.92	6029.2	5586.3600000000024	6183.91	7104.4699999999993	8493.02	6241.59	4066.2	4002.7	2413.66	1811.36	2150.7799999999997	0	0	Observed	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	1734	1698	2362	2470	3272	3958	3967	3337	3650	4278	4750	5847	6441	6181	7234	8488	6221	3830	3227	2579	1872	2215	Count of female moulters

Model proportions	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.19281200000000001	0.20792300000000022	0.16900799999999999	0.22700200000000001	0.19897000000000001	0.17484900000000028	0.15587899999999999	0.16923700000000025	0.22562499999999988	0.21055000000000001	0.20678700000000025	0.18813600000000022	0.165328	0.17230500000000001	0.20245099999999999	0.17521400000000029	0.17629900000000032	0.253585	0.22917199999999988	0.20123600000000022	0.28699600000000008	0.24788099999999999	Observed proportions	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.18800000000000025	0.20200000000000001	0.16	0.24000000000000021	0.2	0.16600000000000001	0.14700000000000021	0.17400000000000004	0.23800000000000004	0.21800000000000025	0.224	0.19400000000000001	0.15800000000000025	0.18000000000000022	0.19800000000000001	0.16400000000000001	0.16800000000000001	0.25900000000000001	0.22900000000000001	0.21200000000000022	0.32600000000000051	0.28400000000000031	
Adult moult count residuals	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	-0.11480539144075665	-0.18675322224615343	4.3834217935534124E-2	-3.024643181313369E-2	9.5483483329070709E-2	0.12621827242405281	0.13856402139923141	-3.8554877555480281E-2	4.5433065809211567E-2	1.6761953291693416E-2	-6.2415215888014734E-2	-3.0685622760703607E-2	0.14235589528701276	-4.706868151451732E-4	1.8067970118597301E-2	-5.9124836390722732E-4	-3.3042920827952601E-3	-5.9844099195430593E-2	-0.21541622034003047	6.6257459213888481E-2	3.2929433707737488E-2	2.942183645248609E-2	
Juvenile proportion residuals	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	-2.5273658073526717E-2	-2.8900121454333186E-2	-5.4772235846979718E-2	5.5680095326714273E-2	5.1633069568801674E-3	-5.1934955948611826E-2	-5.8647478480021942E-2	2.7755199825612961E-2	5.3396344584329312E-2	3.4771908181152444E-2	7.9956773865951791E-2	3.0693053508797481E-2	-4.5336346445032358E-2	4.3690688624733333E-2	-2.2230851262668112E-2	-6.6141656161363457E-2	-4.8217437834734381E-2	2.1128989150778831E-2	-7.5080977484387533E-4	5.2107926010502924E-2	0.12742910298644186	0.13602544586533549	
0.95	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2014.2535	2266.8600000000006	2553.1979999999999	2844.1935000000012	3435.5	4044.9085	4078.2819999999997	4239.7265000000034	4478.6870000000008	5078.9935000000005	5829.1750000000002	6849.0030000000006	6894.9725000000008	7479.1870000000008	8394.3609999999881	9903.8104999999923	7890.1465000000044	5206.3920000000035	5349.2495000000008	3352.4610000000011	2248.0705000000012	2765.5110000000018	0.5	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	1680.105	1928.9250000000011	2223.605	2489.8200000000002	3007.7550000000001	3523.8300000000017	3478.36	3540.82	3721.96	4262.835	4927.9400000000005	5801.31	5839.9450000000006	6408.9749999999995	7171.5950000000003	8415.4449999999924	5822.83	3965.2550000000001	4200.8600000000024	2605.5650000000001	1778.4549999999999	2187.105	0.05	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	1445.2249999999999	1674.519	1938.1765	2170.9544999999998	2625.9794999999999	3078.1689999999981	2937.4944999999998	2946.0859999999998	3112.8740000000012	3633.4294999999997	4236.9329999999991	4987.6080000000002	4961.1580000000004	5421.2655000000004	6049.24	6865.8539999999994	4382.9650000000001	3126.9589999999998	3245.8164999999999	2031.9775000000009	1410.9150000000009	1706.944	MLE	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	1944.95	2046.6499999999999	2260.6999999999998	2545.8500000000017	2974.03	3488.67	3453.7	3468.17	3487.88	4206.8900000000003	5055.92	6029.2	5586.3600000000024	6183.91	7104.4699999999993	8493.02	6241.59	4066.2	4002.7	2413.66	1811.36	2150.7799999999997	
Female moult count
0.95	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.22237420000000002	0.23084140000000011	0.19643875000000013	0.25674210000000003	0.2288568	0.2015547	0.18054215000000018	0.19748740000000012	0.25931635000000008	0.24384140000000018	0.23940135000000018	0.21631955000000014	0.19205174999999997	0.19370005000000001	0.23721055000000013	0.20563025000000001	0.20592350000000001	0.29352330000000026	0.26490985	0.23092090000000001	0.32751545000000026	0.29556125	0.5	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.1910665	0.20148700000000011	0.16882649999999999	0.2270095	0.20110749999999999	0.17488500000000001	0.15660800000000011	0.17108699999999999	0.22743850000000004	0.21224300000000018	0.21064150000000001	0.18947950000000013	0.16628499999999999	0.1697235	0.20554200000000011	0.17773900000000012	0.17792750000000004	0.2543475	0.22870599999999999	0.2008665	0.28685200000000022	0.25564300000000001	0.05	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.16327305	0.17503299999999999	0.14538609999999999	0.19896285000000011	0.17529850000000013	0.15198760000000011	0.13540450000000001	0.14822330000000011	0.19811714999999999	0.18370455000000013	0.18505684999999999	0.16461709999999999	0.14373575000000011	0.14791690000000018	0.17700564999999999	0.15291690000000019	0.15302104999999999	0.21928760000000011	0.1956987	0.17407845000000013	0.24985045000000011	0.22071995000000011	MLE	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.19281200000000001	0.20792300000000011	0.16900799999999999	0.22700200000000001	0.19897000000000001	0.17484900000000012	0.15587899999999999	0.16923700000000011	0.22562499999999988	0.21055000000000001	0.20678700000000011	0.18813600000000011	0.165328	0.17230500000000001	0.20245099999999999	0.17521400000000012	0.17629900000000018	0.253585	0.22917199999999988	0.20123600000000011	0.28699600000000008	0.24788099999999999	
Juvenile proportion in moult counts
0.95	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.95915414999999959	0.95952904999999999	0.95934105000000058	0.95957510000000001	0.95949010000000001	0.95963605000000052	0.95947125000000044	0.95902739999999997	0.95912105000000059	0.95953619999999928	0.95968900000000046	0.95962010000000042	0.95946925000000005	0.95951505000000004	0.95973005000000045	0.95971099999999998	0.83643735000000008	0.85369780000000084	0.95886315	0.64096704999999998	0.7858077999999995	0.95940605000000001	0.5	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.94005349999999999	0.94702750000000002	0.94231299999999929	0.94845200000000007	0.94934499999999999	0.95043049999999996	0.94103700000000001	0.90111349999999957	0.92217949999999993	0.93316149999999998	0.94447900000000051	0.94926449999999996	0.92852249999999958	0.94331799999999955	0.95060550000000044	0.94977099999999992	0.54656399999999938	0.56072300000000053	0.85864550000000073	0.45682700000000026	0.55000800000000005	0.94361549999999994	0.05	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.73146515000000001	0.83686780000000005	0.80070334999999959	0.83951995000000001	0.85904320000000045	0.86171534999999999	0.77782015000000071	0.65234025000000084	0.68330174999999949	0.70290414999999951	0.76770450000000046	0.83745199999999997	0.70216285000000001	0.77081685000000044	0.83214110000000041	0.81010099999999996	0.3861060500000002	0.38007300000000027	0.55133050000000006	0.32845255000000023	0.39883225000000022	0.75909575000000074	MLE	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.73458400000000001	0.86068599999999995	0.87622199999999995	0.94142000000000003	0.89959299999999942	0.94337099999999996	0.91870000000000041	0.84147899999999998	0.83494000000000046	0.94357800000000003	0.94925000000000004	0.94560599999999995	0.81107899999999999	0.93496400000000002	0.95237099999999997	0.95352400000000004	0.58168500000000001	0.53269500000000058	0.75655700000000004	0.44468000000000002	0.61594100000000074	0.87144500000000058	
Survival rate
0.95	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	1.0729474999999999	0.90375390000000011	1.2235019999999992	1.1100685000000001	0.9462903500000005	0.83726900000000004	1.0594325	1.1055409999999999	1.1169989999999999	1.1627555000000009	1.0907929999999999	0.90837475000000001	1.2350934999999992	1.0606909999999998	0.91842350000000006	0.92631274999999935	1.0927485000000001	1.044491499999999	1.1322289999999999	1.2660140000000002	1.2810959999999998	1.1642455000000009	0.5	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.897281	0.74358999999999997	1.03637	0.93727150000000004	0.79176150000000001	0.69845249999999959	0.87884050000000058	0.92689950000000043	0.91707249999999996	0.98083950000000009	0.920485	0.75622300000000053	1.0482899999999999	0.87119050000000042	0.75068250000000003	0.76203100000000046	0.85878200000000005	0.80921049999999961	0.93187700000000051	1.0513199999999998	1.0643799999999999	0.8936729999999995	0.05	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.73150174999999951	0.6104793000000005	0.86984435000000071	0.78162494999999999	0.66238339999999996	0.58291399999999927	0.7225076499999995	0.75623459999999998	0.74291764999999998	0.81442190000000003	0.76123449999999993	0.62631349999999997	0.87477345000000084	0.70984079999999994	0.61359910000000051	0.61940400000000051	0.66024140000000076	0.6085247500000005	0.71994995000000084	0.84037910000000005	0.85684039999999995	0.63472454999999994	MLE	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	0.81271099999999996	0.71316100000000004	1.01224	0.93788499999999997	0.76753800000000005	0.69530000000000003	0.86234200000000005	0.8975919999999995	0.87096099999999999	0.98763599999999996	0.92315100000000005	0.75070500000000073	0.99491799999999941	0.86547399999999997	0.74641999999999997	0.76166000000000045	0.87383699999999997	0.7705379999999995	0.88275000000000003	1.0205199999999999	1.0869599999999999	0.87742799999999999	
Reproductive success
1995
0.46	0.48000000000000032	0.5	0.52	0.54	0.56000000000000005	0.58000000000000007	0.60000000000000064	0.62000000000000077	0.6400000000000009	0.66000000000000103	0.6800000000000006	0.70000000000000062	0.72000000000000064	0.74000000000000088	0.76000000000000101	0.78000000000000025	0.8000000000000006	0.82000000000000062	0.84000000000000064	0.86000000000000065	0.88000000000000034	0.90000000000000069	0.9200000000000006	0.94000000000000061	0.96000000000000063	0.96000000000000063	0	1	3	2	5	5	11	15	30	42	47	68	76	77	98	101	107	109	132	143	134	144	175	217	324	934	0	Survival
2005
0.28182600000000047	0.30846629221503685	0.33510658443007313	0.36174687664510918	0.38838716886014629	0.41502746107518235	0.44166775329021835	0.46830804550525512	0.49494833772029151	0.52158862993532673	0.5482289221503639	0.57486921436540128	0.60150950658043734	0.62814979879547406	0.65479009101051089	0.6814303832255455	0.70807067544058355	0.73471096765561861	0.76135125987065499	0.78799155208569216	0.81463184430072844	0.8412721365157646	0.86791242873080054	0.89455272094583604	0.92119301316087465	0.94783330537590949	0.96000000000000063	0.96000000000000063	1	8	19	50	79	135	131	194	235	226	248	234	201	207	162	139	134	96	90	79	59	47	54	47	40	43	42	0	Survival
1995
0.59355799999999903	0.6139664304173007	0.63437486083460071	0.65478329125190105	0.67519172166920216	0.69560015208650261	0.71600858250380306	0.73641701292110262	0.7568254433384044	0.77723387375570363	0.79764230417300364	0.81805073459030375	0.83845916500760331	0.85886759542490443	0.8792760258422041	0.89968445625950644	0.92009288667680611	0.94050131709410645	0.9609097475114069	0.98131817792870646	1.0017266083460052	1.0221350387633081	1.0425434691806081	1.0629518995979075	1.0833603300152077	1.1037687604325079	1.1241771908498095	1.1445856212671097	1.1649940516844073	1.1854024821017102	1.2058109125190077	1.2262193429363093	1.2466277733536095	1.2670362037709098	1.28744463418821	1.3078530646055115	1.3282614950228098	1.3486699254401107	1	1	1	7	10	20	28	36	58	62	85	149	161	212	199	210	217	211	221	208	186	163	136	98	90	68	59	44	22	16	7	12	0	1	0	0	0	0	Reproductive success
2005
0.39195100000000038	0.41772455595403474	0.44349811190806882	0.46927166786210356	0.49504522381613753	0.52081877977017199	0.54659233572420562	0.57236589167824081	0.59813944763227522	0.62391300358630963	0.64968655954034404	0.67546011549437923	0.70123367144841353	0.72700722740244761	0.75278078335648235	0.77855433931051665	0.80432789526455062	0.83010145121858636	0.85587500717261999	0.88164856312665352	0.90742211908068759	0.93319567503472334	0.95896923098875764	0.98474278694279138	1.010516342896826	1.0362898988508602	1.0620634548048946	1.087837010758929	1.1136105667129641	1.1393841226669981	1.1651576786210338	1.1909312345750667	1.2167047905290984	1.2424783464831355	1.2682519024371699	1.2940254583912043	1	0	1	6	2	12	21	40	55	90	102	152	164	183	218	231	221	215	214	185	176	151	133	115	90	67	45	38	20	22	18	6	5	0	0	0	Reproductive success
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