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SUMMARY

Updated results of an earlier penguin model aregmted. The model focuses on four colonies 1)
Robben Island; 2) Dassen Island; 3) Boulders andy#y island, although projections will narrow
the focus further to the first two of these. Somegpess has been made in terms of fitting the model
adequately to historic data. However, there aré mtbblems with the fits such that the current
model is not yet at the stage where it can be drikethe pelagic OMP (Operational Management
Procedure) testing process to take account ofala¢ionship between the breeding success and also
natural mortality of African penguins and the abamck of both anchovingraulis encrasicolus
and/or sardinéardinops sagaxDespite extensive investigations, in many casesvesly strong
functional relationships between penguin breedimgeass and pelagic abundance have been found.
As a result, functional relationships are beingestigated between the natural mortality of African
penguins and pelagic abundance, with results stiggdabat a relationship exists at Robben Island,
but not at Dassen Island. Dassen and Robben Istaedsplit and modelled separately for these and
other reasons.

INTRODUCTION

This paper provides an updated description of aghafdAfrican penguirBpheniscus demersus
dynamics The model is of a form that can readily be linkedhe pelagic OMP (Operational
Management Procedure) testing process to take atobthe relationship between the breeding
success and also natural mortality of African pemgand the abundance of both anchBwgraulis
encrasicolusaand/or sardin&ardinops saga¢e.g. Crawforcet al. 2006).

The model is spatial in that several different dapans of penguins are represented, and movement
between these populations can be modelled. The imaus of the model is on Dassen and Robben
Islands, which are here modelled separately (bt $ome parameter estimates assumed common to
both). The third population is Dyer Island becams&the next largest, recent declines in the
population there are of concern and it is consdi@areimportant breeding site for penguins given the
eastward shift of sardines. The fourth populat®Baoulders. Although relatively small, this colony
was considered important to include because @iosition, its role as the focus of several other
studies and because penguins are known to havednimre Dyer island to Boulders, Robben and
Dassen, and that it is useful to quantify to whaelet movement of birds away from Dyer island

could account for observed declines at Dyer anceases at these other colonies.
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The Algoa Bay colony is not assumed linked to theva colonies in the current model version

because westward migration is believed to be nibdgig
Model dimensions

The PWG agreed that for the purposes of couplimgp@ and pelagic fish models, the south-
western area should be disaggregated into thenfimifpareas:

) Cape Columbine to Cape Agulhas
i) Cape Agulhas to Algoa Bay
1)) Algoa Bay to Port Alfred

A summary of all the data inputs are provided i@ #tcompanying document MCM/2008/SWG-
PEL/21a. The model time step is one year and hanemge trends are modelled. Penguins in each

sub-area are modelled from 1987 until 2008.

During the current phase of the model developnualy, the Western Cape penguin colonies are
modelled, corresponding to area i). It was decidefdcus on this area because the data series are
the most complete, and the majority of the birdsfaund there. The sardine and anchovy models
consist of all THREE areas, with model-predicteaiiass in i) being used only when trying to find
a functional relationship with the penguin resulise model described here has four sub-areas: 1)
Robben Island; 2) Dassen Island; 3) Boulders aridly4) island. Penguins in all of these colonies
are assumed to depend on the same prey biomasslyrtam west of Cape Agulhas portion of the

total pelagic biomass.

The model is coded in AD Model Builder which persniapid and efficient minimization.

A full description of the model is given in Apperd\, and relationships with food availability are

described in Appendix B.
MODEL DEVELOPMENT

The model results are presented in three stages:

) A constant adult survival rate is estimated inltiigal Stage | Model. As found
previously, this does not result in an adequat®fihe data (Fig. 1), particularly in terms
of failing to adequately represent recent obsedesdines in the abundance indices. This
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is despite modelling breeding success (chiefihaform of fledging success) as a
function of sardine and/or anchovy abundance. Shggests that the relationship
between breeding success and pelagic abundantg @an is insufficient to adequately
explain the observed trends in penguin abundance.

An over-parameterised model (hereafter termed thex-Parameterised Stage Il Model)
is developed which fits the moult count data fobRen Island and Dassen Island exactly
(Fig. 2) through estimating residuals that reflawbual changes in survival/mortality of
penguins (see Appendix A for technical detailsthAugh it is possible to obtain an
excellent fit to the data in this way, a modellostform cannot be projected into the
future as a predictive relationship between suhava pelagic abundance is needed.
However, the Stage Il model is used to examinengttere and existence of such a
relationship by plotting the mortality/survival régals as a function of pelagic
abundance (Fig. 5). This suggested a positive diredationship between penguin
survival and pelagic abundance at Robben Islen@.§7,n=21,p<0.001), but no
significant relationship was evident at Dassemislg=0.34,n=21, p>0.05).

The final current model (hereafter referred tohassfinal current Stage Il Model) is re-
run using as an input the functional relationsleipRobben Island obtained as above
between penguin survival and pelagic abundancehieeresiduals are not estimated in
this model version, but penguin survival at Roblstend varies annually as a function of
pelagic abundance. Given that this relationshfpirty weak and has a lot of associated
noise, it is not surprising that the model fit wemrs substantially (Fig. 6) compared to the
Stage Il) described above. The associated noigeifunctional relationships
investigated introduces an added problem in ternusiog them for predictive purposes.
Note that the Dassen Island penguin survival sagedgonstant given the lack of a clear

functional relationship for this colony.

RESULTSAND DISCUSSION

There has been insufficient time to present resoitall scenarios here; hence only selected
illustrative examples are shown in detail in Fiys6.

The simulations shown assume that first-time bressgh®ve from Dyer to Boulders (to match the
Boulders population data) and to Dassen and Roflienpelagic abundance series used is the
combined sardine and anchovy west of Cape Agubtes data document).
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A few points of interest in the results:

* The results of the revised model version are ctargisvith previous results presented
suggesting that the average and maximum of puldishevival estimates are too low to
sustain populations, even when considering moveifnemt Dyer to Robben/Dassen and
Boulders (Table 1).

* The effect of modelling adult survival as a randeffiect is shown in Fig. 2. In the example

shown, theo, value was set relatively high (0.6 — Table 1) aAdom effects term will

similarly be added to the juvenile survival ratdurther investigations — the main use of the
approach is to study the trends in the residuals.

* Fig. 3 summarises three model relationships (mbaks fledged, the proportion of mature
birds that breed each year and the proportionrdslof ages 3 and 4 that first mature each
year) that are determined as functions of the pefaih abundance input series.

* Note that the juvenile survival rate is modellsddansity dependent, and hence it decreases
over the last few years following the observed pafpan increases. A low level of density
dependence was set in the example shown.

* Fig. 4 shows modelled numbers of birds that moeeBldulders, Dassen and Robben in the
illustrative simulation. Given the initial poor tib the Dyer Island proportion of juveniles
data (which show a very low proportion of juvenjlese modified the movement model to
allow only the movement of one-year-old birds. Eeannodel results (not repeated here)
showed that if movement from Algoa Bay westwards assumed for years when pelagic
recruit abundance was high, this could both explanobserved decrease in penguin
breeding counts at Algoa Bay, and assist in exjlgithe observed increases at Dassen and
Robben island without having to invoke unrealidtychigh survival or fecundity estimates.
However, task group members noted that there vesveobservations of penguins
emigrating westwards, given the predominant commtusom movement studies of a
counter clockwise movement of birds. It is wortlatdeg in mind though that the cited
studies were conducted prior to the very largegases in pelagic abundance on the west
coast and hence further discussion is neededtas feasibility of the hypothesis that birds
moved westwards to exploit the high food avail#pili

* The fit of the model to the data when random e$f@ce replaced by a fitted relationship to
food availability is still unsatisfactory (Fig. &r Dassen Island in particular (see also

comments in accompanying data document).
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Conclusions

The model developed here has proved a useful to@xploring various hypotheses and providing a
dynamic picture of penguin dynamics. The modellieen built up from a very simple form to a
more complex form that permits simulating movenadriirds between colonies. The simplest form
of the model integrates current understanding afjpan population dynamics to test whether the
various parameter estimates are compatible witld#it@. These investigations suggest that there
may be problems with both the data used in and@sisons of the model.

For most colonies, the trends in penguin numbeanocdy be explained if immigration to and
emigration from colonies is assumed. The modekasribed here is still in the process of

development and hence results should be viewedetimmary only.

Note that the Stage Il final current model versiociudes two different functional relationships:
a. for Robben island only, that between adult penguivival and pelagic abundance; and
b. a different functional relationship for each of Relb and Dassen Islands between

breeding success and pelagic abundance.

These functional relationships will be used wheal@ating predicted future penguin abundance
under alternative harvest strategies (OMPs) (se®R008/SWG-PEL/21c). In each case a variety
of relationships have been tested, using eithelirsaranchovy or both, using a 0, -1 or -2 yeaetim
lag, and using total fish biomass or recruit abwmedaln all cases pelagic abundance refers to the
west of Agulhas component of the total abundanee 8CM/2008/SWG-PEL/21a). However, the
penguin model as described here is not yet capdilaldequately fitting all available indices when
using the derived functional relationships, anddesfurther work is needed before it can reliably be

used to assess the risk to penguins populatiorsruhe new pelagic OMP.
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Table 1. Summary of example results from the Oaameterised Stage Il model including all
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Western Cape areas and assuming movement fromt®péhner colonies.

Pelagic biomass series
Pelagic recruits series
Op

K factor
H max

No's die (oiling)

Model Fit using separate survival residuals for Baband Dassen
Parameter estimates

S 0.82

S 0.80

Emig 0.71

Imm_Bou 0.09

Imm_Rob 0.85

h_Rob 0.85

h_Das 0.98

No,2+ (Rob) 983

No,2+ (Das) 11660

No,2+ (Dye) 9518

Likelihood contributions

-InL Robmoult -83.247

-InL Robbreed -20.949

-InL Robprop -31.149

-InL Das moult -331.905

-InL Dasbreed -24.254

-InL Dasprop -22.476

-InL Dye moult -5.024

-InL Dyebreed -14.679

-InL Dye prop -12.817

-InL Boubreed 1.567

-InL Robfledge -5.136

-InL Dasfledge -4.643

S, penalty 41.621

-InL TOTAL -513.090

Model version Age 1 Age 2 Age 3 Age 4 Age 5
Proportion mature at age 0 0 1.0 1.0 1.0

Combined anchovy and sardine west of Cape Aguhlas
Combined anchovy and sardine recruits

0.6
Robben Dassen Dyer Boulders
10 10 10 5
0.97 1.3717 1.0 1.0
1994 2000 prop fledglings
2500 1000 0.5




MCM/2008/SEP/SWG-PEL-21b

Number of breeding females Juvenile moulters : Total moulters

Number of female moulters
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Fig. 1. lllustrative results from the Initial modeith a constant survival rate showing model-prestidrajectories of the numbers of female moulfiegguins (left

panel), number of breeding pairs (centre), andgntam juveniles (right) at Robben (top panel), 8&s(2nd from top); Dyer island (3rd from top), and

Boulders. Observed data are shown as diamond pwbjsined by a line.
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Fig. 2. lllustrative results from Stage Il over-pareterised model. Model-predicted trajectoriehiefrtumbers of female moulting penguins (left pamelinber of

breeding pairs (centre), and proportion juveniteghf) at Robben (top panel), Dassen (2nd from;tbBggr island (3rd from top), and Boulders. Obsdrdata are

shown as diamond points not joined by a line.
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Pelagic relative abundances i Recruits Fledging success = Robben

B Biomass M Dassen
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Fig. 3. lllustrative results from Stage Il over-paneterised model showing clockwise from top lafufe: a) the time series of combined anchovy ardirearecruit and
biomass estimates used as model inputs , b) metelated fledgling success, ¢) the proportion ofur@birds that breed, and d) the proportion addbihat
mature at ages as shown.
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Number of migrants each year Number of adults which die each year
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Fig. 4. lllustrative results from Stage |l over-pareterised model. Immigration from Dyer Island, nlbenber of adults which die each year, and fledgimress at
Robben and Dassen.
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Fig. 5. lllustrative results from Stage Il over-pareterised model. The left panel shows the modehated survival residuals and shown on the rigétthe best
correlations with pelagic series. The survivaldasai-pelagic relationships thus obtained are usettfine a functional relationship between penguirvival and
pelagic abundance for use in later model versions.
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Fig. 6. lllustrative results from the final curreditage Il model with adult survival dependent ehagic abundance based on the relationship detedififom the Stage |l

model (See Fig. 5).
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APPENDIX A
POPULATION MODEL
An age-structured dynamic model

The basic dynamic model used to represent the pbpnldynamics of the female penguins when

assuming no movement between sub-areas is as follow

yaan = Ny g, [y Eﬁsyj's)% a=0 1)
NS e = NJa Eﬁsyj's)%1 Sy% a=1 (2
N)S/+La+l = N;a ESy 2<a<4 (3)
NS = (NS + NS L )TS, mE5 4)
with
Ny = i@ NJa (5)
Ny =, DZU NS (6)

S)JUS = (7)
a)l = f1(By) EHmax (8)
w, = 1,(By4)0 9)
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where:

NS, is the number of female penguins of agen 1 April in sub-area and yeay;,

N;nreed,s is the number of breeding penguins in azead yeay;

Of is the fraction of chicks that are female;

S, is the post-first-year survival rate in ygar

Syj'S is the annual post-fledging survival rate of jul@penguins in yeay and sub-
areas,

m is the largest age considered (the “plus grougt’as 5 years);

Uya is the proportion of female penguins of agdat mature and commence
breeding in yeay, determined as a function of a component of pelagin
abundance® in yeary-1,

fl(By) is a breeding success factor (multiplier fay) to compute the average
fledging success, and which is a function of a conemt of pelagic fish
abundance® in yeary,

Hmax is the maximum observed breeding success (chiedgdd per female per yr);

fz(By_l) is a factor determining the proportion that brgegeary (with the maximum
possible breeding proportion set at 1) which igr&ction of a component of
pelagic fish abundand&in yeary-1; and

K. is a carrying capacity-related term for adult pgng in sub-area, used to

introduce density dependence into the penguin digsatihrough the

dependence oSyj'son the total abundance of all penguins aged 2 &tet.o

Breeders and moulters

Equation (6) above provides a model value for thmlmers of breeding females in each of the sub-
areas. The numbers of female juvenile and adultiterxsupresent on the 1 December each yeae

given respectively by:

s - s j,s 5

N y,Juv_moult — Ny,l Eﬁsyj )%1 SyA2 (10)

N ;Ad_moult = Z N)S/,a [Sy% (11)
a=2
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and hence the juvenile moulters as a proportidotaf moulters is computed as:

— s s s
py,.]uvTot - N y,Juv_mouIt/(N y,Juv_ moult + N y,Ad_mouIt) (12)

Adding immigration and emigration effects

The model allows emigration from Dyer Island to Blass and to Robben and Dassen Islands. The
initial movement model is a simple one and couldniygroved in future. It assumes that a fixed
proportion (estimated within the model) of one-yells from Dyer move west each year. Of these
birds moving west, a second proportion (again estohwithin the model) are assumed to immigrate
to Boulders. The trend in numbers at Boulders @axplained only by immigration and the model
estimates the proportion of the westward emigrdrgsare needed to match the observed trends at
Boulders. The remainder of the westward emigramgenio Robben and Dassen Islands, with the

relative proportion moving to each island agaimnested within the model.

Cape
Columbing

Spatial Area |

Modelled movement
patterns

Agulhas

Mathematically, for Dyer Island, Equation (3) fbetcasa=2 is thus modified as follows:

NSiaa = NJ. 05, [@_ Ey) (13)
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whereEy is the proportion of first-time breeders (assuntede between the ages of 1 and 2 years)

that emigrate from Dyer Island. The emigration jmipn is estimated (as a constant year-
independent value) within the model. The actual beinof birds emigrating each yeEnunfye“is

thus:
Enum™* =E, 8, N}, (14)

The proportion of the first time breeders that igrate to Boulders (Bld) rather than to Robben and
Dassen islands is determined by paramigtep, estimated within the model. Similarly, the
proportion of these (i.e. the balance that movdbben or Dassen) is determined by the parameter
Erog, also estimated within the model. It follows tEafuation (3) (for the case=2) must be

modified as follows for the Robben, Dassen and &ensl colonies respectively:

N;effs = Nigbsy + (1_ Eprop)[qEROB) EEnunfyer (15)
N)I/Dfls,s = N:/D,gssy + (1_ Eprop)[ﬂl_ EROB)EHUWLDyer (16)
NP, = NESS, +E ., CENUMY™ (17)

Taking account of major oil spills

The Apollo Sea oil spill in 1994 and Treasure gillsn 2000 resulted in the death of approximately
5000 and 2000 breeding adults, mostly from RoblehZassen islands (Undertel al. 1999, 2006,
Crawfordet al. 2000). As this is an important additional sourtenortality, in the model it is
assumed that an additional 2500 and 1000 breedmglés from Dassen and Robben died in these
years, with the number assumed dead from eacteséttwo colonies determined by a fixed input
parameterdil_prop; set = 0.5 in illustrative example) and from eagle class computed on the

assumption of proportionality to the abundancéhat tige class.

Equations (3) (and Equation (4) similarly) for Rebland Dassen is thus modified as follows:

NS o = N5 05, = p,M (18)

where
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and M ‘y’" is an additional mortality term set as the obsgmwember of penguins age 2+ that died in

yeary as a result of oiling.

In addition, it is likely that most if not all ctis fledged in those years will have died (Crawford,
pers. commn) and hence it is assumed that onlyadl pnoportion (set at 50% here) of age 1 birds

survived in those years.
Annual variation in adult survival rate

The simplest version of the model assumes adultwaliSis constant over time. Allowing adult

survival rate to vary freely from year-to-year asamnual estimable parameter (i~ S, ) would

lead to an over-parameterised model, but process @frthis kind can be incorporated in the model

by treating it as a random effect. To maintain 8)e<1 constraint, it is easiest to transform to an

annual adult natural mortality ra(M y):
M, =-/nS, (19)

where M, =M €” n, ~ N(O, (0’ )2) (20)

n

and theM and7,’s become estimable parameters.

In a strict frequentist paradigm, obtaining maximiikelihood estimates requires integration over
these random effects. The simpler approach herebmalyought of as providing estimates for the

Bayesian posterior modes, given uniform priorsdibthe estimable parameters excepthés for

which normally distributed priors of mean zero anadancea,f are assumed (see Equation (20)).

In the model, a common baseline natural mortaditg is estimated. It is assumed that mortality at
Dyer and Boulders is fixed at this value, while thertality at the Robben and Dassen colonies may
vary annually. Initially the same estimated residweere used for the two islands, but this method
failed to produce satisfactory fits to the mouklied breeder data for Robben and Dassen
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simultaneously. For this reason, an attempt waserntméstimate separate setgpfs for the two

islands.

With a view to projecting penguin population nungbigrito the future, we explored the nature and
strength of a functional relationship between thisal residuals and a pelagic abundance index.
Examining correlations between the estimated redsdand various pelagic indices, a strong linear
relationship was seen for Robben Island (the bastwith the sardine and anchovy combined
recruitment index;?=0.44), but no statistically significant correlatiwas found for Dassen Island.
The lack of a common relationship for both colomes very evident when trying to refit the model

using the functional relationships for the survivetead of the more flexible, residuals approach
(Fig. 6).

Starting values and equilibrium assumptions

Given a value for the starting (1987) number oflachoulters (ages 2+) in an aré&) ., 0. the

total initial population size can be computed a8l a&the initial number of breeding females. Under
the assumption that the population of each colerat equilibrium in the year the model commences,
and assuming further that there is zero initial ignation/emigration, as well as that = H (1989

(i.e. fledging success observed in 1989) and= w, (1989 (i.e. proportion of mature birds expected
to breed that year), simplifies the problem of sajvfor the starting number of breeding females

Nge*** through solving the balance equation:

N(l))reed.s - N(S),Ad_moult [ﬁqf a)_L(Sojs)% )_1 EE(SOJS)% [SO% [E1+ mg_:soa_z + (182 ;0)]} (21)

with
Soj,s - S* (1_ NCS),Ad_moV*J (22)
j K.

Given NJ™**°, the initial numbers at each agean then be computed as:
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e, 2 )
e, <) o adsy)s 2=z @)
0,a Nbreedsmfm[ﬁ%s)%ASaZ 3$a<m
Nbreedsme{i%s)%Asmz/l So) a=m

Fitting procedure

The estimable parameters are estimated by minigntkia total negative log likelihood. The model is
fitted to moult count data (available for RobbemsBen and Dyer Islands), breeding numbers data
(available for Robben, Dassen, Dyer and Boulderd)ta data on the proportion of juvenile to total

moulters (available for Robben, Dassen and Dyeashtkibutions by each of these to the negative of

the log-likelihood (¥nL ) are as follows.

Moult counts

The moult counts are assumed to be log-normallyibliged indices of the total numbers of adult

female penguins such that:
moult,s _ Ts,&y s _ moult,sy _ s
Iy =1,e” or g, =In(1;”°) =In(l1}) (24)
where | ;""““'S is the (observed) moult count (expressed in tesfrfemales only) for sub-areaand
yeary,

; =O°NJ is the corresponding model estimated value, wh&j;\d_moun is the

y,Ad _moult

model-estimate of the number of female moultergiasn by Equation (11);
S
9" is the constant of proportionality for moultersresponding to secta and

g, from N (O, (aj)z)'

y

The contribution of the moult count data to theatag of the log likelihood function (after removal

of constants) is given as shown below with contitns added over sub-areas

—In Lmoult — z [ns In(a'*.;noult)] +n_25 (25)
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ng . 2
grot = \/{Z(Inl;“"”"'s—lnlj) } /ns (26)
y=1

Ns is the number of years for which there are mooilint data in sub-area

with

where

The proportionality constany® for moult numbers in sub-areais estimated by its maximum

likelihood value:

- 1 R s

g =3 015 =10 K5 ) @)
s Yy

Breeding pairs

The breeding pairs data are assumed to be log-tigrdistributed indices of the total numbers of

adult female penguins that breed each year, sath th
|beeds = [ or g3 =In(leds) —In( ") (28)

where Isreeds is the (observed) breeding pairs count for sub-aend yeay;,

A

1" = G5 eeq Ny is the corresponding model estimated value, winf&° is the model-

estimate of the number of breeders, as given byatau(6);

S
Yoreed is the constant of proportionality for breedergesponding to sector s; and

g, from N (0, (Uj)z)_

y

The contribution of the breeding count data tortegative of the log likelihood function (after

removal of constants) for all sub-aress thus as follows:

nbs

—In Lbreed z [nbs ( breed)] 2 (29)
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ng . 2
a.greed — \/|:Z (In | Sreed,s _ In | ;)r,s) }/nb,s (30)
y=1

Ny is the number of years for which there are bregdbunt data in sub-area

with

where

The proportionality constant,.., for Robben Island is assumed equal to 0.9 (teecefiminor

undercounting) and the; .., values for the other colonies are set equal tdriblgben Island value.

Proportion of juveniles:

The log-likelihood contribution from the juvenilegportional abundance data is given by:

. n
e = ooz @
S
with:
np‘s 2
Usprop = Z(I ;’rops - p;JuvTot) Nps (32)
y=1
where
I yp”’“S is the (observed) juvenile proportional abundadett& for sub-aresand year
Y:
Nys is the number of years for which there are propoal abundance data in sub-
areas; and
P, suvrot is the model-estimate of the proportion of juvemiioulters to the total

number of moulters, as given by Equation (12).
Adult mortality residuals:

When estimating residuals, the following penaltyités added to the negative log likelihood:
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. 2
~InU= =33 (ng) 1(207) (33)
sy
where
n, is the adult survival residual for yeain sectors, which is estimated for yeaystoy.

(set here as 1988 to 2008); and

o, is the standard deviation of the log-residualsctvicurrently is input with a value of 0.6.

(The sensitivity of results to alternatives forsticshoice will subsequently be checked).
Parameter estimates and constraints

Parameters estimated in the model were constrainthe following ranges for reasons of biological
realism:

0<M<1.0
0<E<1.0
0<E,,, <1.0

0<E.p,<1.0
O< NROb

0,Ad _moult

O< NDaS

0,Ad _moult

0< N>

0,Ad _moult

Apart from the 7 parameters above, an additionayAparameters are estimated during the first

stage when seeking a correlation between surviviipalagic abundance.
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APPENDIX B
ASSUMED RELATIONSHIPSWITH FOOD AVAILABILITY

Breeding proportion

It has been suggested (R. Crawford, pers. comnan}hle proportion of birds that choose to breed in
particular year may vary depending on food avdilgbas reflected by th& functional dependency of
Equation (9). A number of different formulation grossible regarding the change in the proportion o
mature birds that choose to breed (in April) eaghiry as a function of relative prey biomaBS$ the previous
yeary-1, where prey biomasB' is computed as relative to the maximum value oleskower a series (Fig.
B1). The simplest assumption is that 100% of malunets breed each year. At the other extreme, the
proportion breeding may be assumed a simple lifugetion of prey biomass, but this was not congder

realistic by the task group. The example here assuri0% of birds breed if relative prey biomaszbisve

the medianB' value, but that the proportion breeding decrekisearly for lower values ofombined

anchovy and sardine biomass with a one year tie la
Age of maturation

Crawford (pers. commn.) has also suggested thairthmortion of birds of different ages that mature
each yeay may be a function of relative prey bioma&gs, the previous yeay-1, where prey

biomass is computed as relative to the maximumevahserved over a series (e.g. Fig. B2). The
simplest model assumption is that the base-cas# igues do not change over time. The current

model assumes that all birds of age 3 and oldemateare.
Chick fledging success

One of the most important functional relationstilpest needs to be determined before the pelagic
OMP testing process can take account of the relstiip between the breeding success of African
penguins and the abundance of pelagic fish con¢benway in which the average numbers of chicks
fledged each year relates to pelagic fish biomasshef; functional dependence in Equation (8).

The model can currently be run either by usingabeerved values for Robben and Dassen Island, or
by fitting a functional relationship within the #khood maximisation. The latter should result in
approximately the same level of variability as evitlfrom the Robben island data and the maximum

average number of chicks fledged is assumed egquhétmaximum observed values.
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There are a number of ways in which this relatigmsbuld be modelled. Following Plaganyi and

Butterworth (2006), a breeding success fadt¢B,) is thus formulated as a function of the

available biomass of prey and acts as a multiphi¢he maximum observed chick fledging rate (Fig.
B3). To reduce the number of parameters in the mtuebreeding success factor is scaled such that
it is 1 when the pelagic biomass is at the maxinolaserved value. A useful functional form to use

is that classically referred to as a Beverton-Isttk-recruitment relationship, modified here to

represent fledging success as a function of pelagimass,B, :

f(B)=2 0 (33)
5+,

wherea and f are parameters witjff = (a —1) so thatfy(1) = 1.

When adding a term to allow for fluctuations abthis relationship, Equation (33) becomes:

alB _g2
f (B ) - 7y e((y UBR/Z) (34)
’ (0’—1)+ B,

where

S, reflects fluctuation about the expected curvedary, which is assumed to be normally

distributed with standard deviatiamr. (These fluctuations are not employed in the cuirren

model.)

In order to work with estimable parameters thatraoee meaningful biologically, Equation (33) is

r

re-parameterised in terms of the maximum pelagmbiss,B,,,, , and the “steepnesh’of the
relationship, where “steepness” is the fractiomakimum fledging success that results wign

drops to 20% of its maximum level, from which itléavs that:

a
h= 35
50 -4 (35)

By ignoring the random variation term and choosrgingle parameter valle the fledging success
relationship can thus be set. The parametaay be thought of as controlling the level of prey

biomass below which breeding success is negatingiacted (Fig. B3).

25



MCM/2008/SEP/SWG-PEL-21b

When fitting the chick fledging success functioretionship, the contribution to the negativeld t
log likelihood function (after removal of constanits computed by summing over the Robben and

Dassen Island contributions as follows:

—|n LMedee = Z[nf’S In(&sﬂedge)] + LZS (36)

with

Ny

2
5.Sfledge — Z (In | ;Iedges _ |n | ;Ied,s) }/‘]f,s (37)

y=1

where | °*%* is the (observed) mean fledging success for selasand yea;

fyf'ed's is the corresponding model-estimated value, asngby Equation (33) (or (34); and

n, is the number of years for which there are fledginccess data in sub-aea

,S

For illustrative purposes, in the results preseht@, chick fledging success is calculated ugieg t
functional form of Equation (33), with separategraeters estimated for Dassen Island and Robben
Island. The maximum values are set to 0.97 for Rakdnd 1.37 for Dassen. Fledging success is

assumed equal to 1.0 for Dyer and Boulders.
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Proportion breeding in yry
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Fig. B1. Schematic showing different possible agstions regarding the change in the proportion ofunea

birds that choose to breed (in April) each ygas a function of relative prey biomaBs the previous
yeary-1, where prey biomass is computed as relative toriéd@mum value observed over a series. The

simplest assumption is that 100% of mature birdthreach year. Other options would be to assume
100% of birds breed if relative prey biomass isv@bihe mediarB" value or an estimateB’ . value,

crit

but that the proportion breeding decreases lindarljower values ofB" .
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Fig. B2. Schematic showing initial input assumpti@garding the change in the proportion of birds of

different ages that mature each ygas a function of relative prey biomaBs the previous yeay-1,
where prey biomass is computed as relative to #edmum value observed over a series. The simplest
assumption is that these proportions do not change time. An option being tried in the model
involves assuming that the proportion maturinggasa3 and 4 remains fixed at 0.9 and 1.0 respégtive

if relative prey biomass is above the medBh value, but then decreases linearly with lower ealaf
B' as shown.

27



MCM/2008/SEP/SWG-PEL-21b

Lower h estimate

»
»

q—

(S S N S
> == 7
5 7T
= Pie 7 '
[%)] // /‘ \
g 7/ /' ) S .
8 ’ . ' imple linear
e s =
o ’ R E
2 PR :
o) Vs ‘/ E
3 | L7 5
=1y g s
g /0 :
& ‘7 R

0 0.1 1

Prey biomass (in yr y) as proportion
of maximum observed

Fig. B3. Schematic showing different possible agstions regarding the change in the average fledging

success each yepas a function of relative prey biomaB$ in the same yeay, i.e. thef; functional
dependence in Equation (8). Prey biomass is cord@geelative to the maximum value observed over
a series. The shape of the curve is determinedsingte “steepness” parametewith different values
leading to either a near-linear decrease in flagiginccess as prey abundance decreases versus a
scenario in which fledging success drops belowrthgimum observed level only at relatively low

levels of prey abundance.
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