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INTRODUCTION

A number of questions have recently been raiseardagg the status and management of the
African penguinSpheniscus demersushe PWG penguin task team agreed that it would be
useful to develop a dynamic model to assist in tstdading the population dynamics as well

as in an attempt to reconcile the various datacesuiThis document describes the development
of such a model. Although still preliminary onlpetmodel is of a form that can readily be
linked to the pelagic OMP (Operational Management@dure) to take account of the
relationship between the breeding success of Afrpenguins and the abundance of both
anchovyEngraulis encrasicoluand/or sardin&ardinops sagage.g. Crawforcet al. 2006).

The aims of the current model are as follows:

1) To provide a dynamic representation of penguin gyos;

2) To fit to available data to provide estimates opartant demographic parameters such
as survival rates, which can then be comparedher @vailable estimates;

3) To attempt to reconcile some apparent contradidteryds in the different data series;

4) By gradually increasing the complexity of the mottetepresent different plausible
hypotheses, the model should assist in identifffirggmost parsimonious hypothesis to
explain the observed trends in the population;

5) To quantify and provide additional substantiationthe relationship between penguin
breeding success and pelagic fish abundance;

6) To dynamically project the penguin population assgnvarious future scenarios to
assist in providing advice regarding the manageroktiite penguin population (and
possibly pelagic fish populations as well).

It is important to note that the model as presehtzé is still in the early stage of development
and hence results presented are preliminary otig.rfiodel is based on the best available data
and knowledge of the population, and the task gmillgcontribute to this process by further
scrutinizing the actual data, the interpretatiothef data and other model assumptions.

The model is spatial in that three different popales of penguins are represented, and
different levels of movement between these poparatcan be modeled. The main focus of the
model is on Dassen and Robben Islands, which anbioed for reasons of simplicity and
because of their close proximity to each other. §émond population is Dyer Island because it
has the next largest numbers of penguins, recefihds in the population are of concern and it
is considered an important breeding site for pemggiven the eastward shift of sardines. The
third population is Boulders. Although it is relaly small, it was considered important to
include because of its position, it has been adafiseveral other studies and penguins are
known to have moved from Dyer island to BouldersbBen and Dassen, and hence it is useful
to quantify to what extent movement of birds awayrf Dyer island could account for
observed declines at Dyer.

Model Dimensions
The PWG agreed that for the purposes of couplimgpi@ and pelagic fish models, the south-
western area should be disaggregated into theafimipsub-areas:
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)] Cape Columbine to Cape Agulhus

i) Cape Agulhus to Algoa Bay

i) Algoa Bay to Port Alfred

And hence that there will be two sets of penguiomies modelled, corresponding to i) and iii)
as there are virtually no penguins in area ii). $aaline and anchovy models would consist of
all THREE areas, with model-predicted biomass enil iii) only being used to try to find a
functional relationship with the penguin resulteeTnodel described here is for Area i), with 3
sub-areas 1) Robben & Dassen Islands; 2) Bouldet8pDyer island.

A summary of all the breeding colonies of pengumthis area is provided in Fig. 1 which also
shows the relative abundance of breeding pairsardifferent regions, computed from data in
Underhill et al. (2006). Fig. 2 shows the (estimated) number oédiireg pairs of penguins per
colony in the “western” area, plotted from datasgrged in Underhikt al. (2006) but

excluding interpolated points. Noting that the oggil penguin population is dominated (in
terms of numbers) by two large colonies, namelytobisland and Dassen Island, the model
here has focused on these two colonies, with tkkmest important colony being Dyer Island.

The model time step is one year and hence averaggstare modelled. Penguins in each sub-
area are modelled starting from 1989, except farl@&rs which starts in 1991 because this is a
recently formed colony. Penguin populations argguted 5 years to 2012 under various
scenarios.

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

Given time constraints, detailed confidence linamsl investigations into the uncertainty
associated with the various parameter estimatesaingresented here, but this will be included
in subsequent updates. Moreover, considerablalisgnsitivity analyses have been done but
are not reported in detail here, both becauserofdd time and to aid focusing on the main
conclusions of this study.

Available Data - Penguins

A number of time series, both published and unghblil, are available and have been used both
to compare with model trends and for use in estnmggiarameters by fitting to these data. The
two main forms of data are counts of the numbersailting birds at the various colonies and
counts of breeding pairs (Table 1). The data ama fdnderhillet al. (2006), and various
published studies as well as recent updates from@awford. Carryn Cunningham kindly
provided data on the abundance of anchovy andreasgiawners and recruits.

The moult count data are considered substantiadigerprecise as a population measure (based
on c. 24 counts per year) than the breeding paustqone count per year aimed to hit the peak
of the breeding season) (L. Underhill, pers comrthg moult count measures the size of the
adult-plumaged population (birds about one yearaer) whereas the nest count measures the
number of breeding pairs (birds about four yeas@der) (L. Underhill, pers commn). There
are two slightly different series available descigthe number of birds moulting at Robben
Island, and the series used here is the one coaditlee more accurate of the two because it
accounts for missing information (see Underhill &rdwford 1999). Rob Crawford confirmed
that nest counts have limited accuracy, not atldomay be present, are easier at some islands,
and are most difficult at Robben Island. Nest cewstually include active nests (=adult or
chick present) and potential nests (=nesting nadterilots of fresh dung present) (R. Crawford,
pers. commn).
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It has been highlighted (Rob Crawford, pers. Comtha) the counts are of birds moulting
around the coastline but that at Dassen Islandrevin@ny birds construct burrows, birds also
moult in burrows and are not counted. Therefore ctbunt at Dassen Island is not of all birds
moulting, just an index. Anton Wolfaardt and Lesdgrhill (pers commn) have similarly
confirmed that the Dassen island moult counts shbeltreated as an index of abundance, and
not as an estimate of the absolute number of paaglihe sum of counts made at two week
intervals provides an estimate of the total popotatoulting at the locality, following
adjustments for the fact that the counts are natenaad exactly this frequency.

As the model represents numbers of female pengammeyen sex ratio was assumed and the
numbers of moulters halved to derive an index efrtmber of female moulters (Table 1). To
obtain an aggregated index for Dassen and Roblmrds the numbers of moulters at each
locality were added together. However, data fosdea Island are only available from 1995
onwards, whereas data for Robben Island are alailiadim 1989. Given that it is preferable to
use a longer time series and that data re the msnolbéreeding pairs at Dassen Island prior to
1995 show a fairly steady trend, missing moult ¢alata were filled in by assuming that the
numbers moulting at Dassen remained constant begudriod 1989-1995 (Table 1).

Data for 2006 on the numbers of breeding pairsassBn and Robben islands were unavailable
at the time of this analysis and was assumed tabiehe 2005 value, as was reported at the
previous meeting (Table 1). Data on the numbeiadks fledged per pair per year were
available for Robben Island only (Table 1). Over preriod 1989-2005 at Robben Island,
African Penguin pairs fledged an average of 0.6dkshannually, with a maximum of 1.04 in
2005 (Crawforcet al. 1999, 2006). There are no data for the year 200@h corresponds to

the year in which about 1900 birds died and bregdias disrupted following oiling in the
Treasurespill (Crawfordet al 2000). Crawforebt al. (2006) suggests that the increased
mortality caused by the oil spill was amelioratectlarge extent by the high abundance of
pelagic fish prey. In the first instance an intégbed breeding success value for 2000 is simply
assumed. Later model versions could test a rangaosible values for 2000, as well as add an
additional mortality term for 2000. Similarly, futianalyses could be modified to take into
account the large mortality incurred in 1994 asslt of the Apollo Sea oil spill (see e.g.
Underhillet al. 1999).

One anomaly in the data which the task group velbbked to clarify relates to the data for
Dyer Island. The number of female moulters per ygapproximately the same, rather than
substantially more, than the number of breedingalem(Fig. 3). The reason for this is unclear.

Available Data — Pelagic fish

The diet of African Penguins is dominated by anghawd sardine (Hockest al 2005), and

the breeding success of penguins is thought tatrelated with the abundance of these two
pelagic fish species. Data on the estimated abwedainanchovy and sardine recruits and
spawners were provided by Carryn Cunningham (Tapl8ome preliminary simulations were
run using different combinations of these dataett to what extent they resulted in an
improved model fit to the trend data. For each gielish abundance series, a breeding success
index was derived as follows: the pelagic fish atance in each year was converted to a
proportion of the maximum value over the period3-2806. The breeding success for each
year was then assumed equal to the product optbortion times the maximum observed
breeding success (1.04 chicks fledged per yegpgier Table 1) over the same period (Table
3). In essence, this simply assumes that breedicgess and fish abundance (either or both
species) are linearly correlated. More complexti@iahips will also be investigated in future
analyses. Note that in table 3, the 2006 estinatesery rough being based on the May
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recruitment survey only and not the November surtég value is perhaps higher than
anticipated, hence a lower value could also betgutes] to test the effect on projections. Data
for anchovy were only available up until 2003 aedde to get a series for preliminary
investigations, anchovy abundance was assumedteat® linearly from 2003 to 2006 as
shown in Table 3.

A Simple Dynamic Model

The basic dynamic model used to represent the pbpnl dynamics of the adult female
penguins is as follows:

N® = NS+(NSp o H ., S8 (1)
where Ny is the number of mature (past the age at fieseding) adult females on
the “counting” day (e.g. 1 November) in agand yeay,

S is the post-first-year survival rate,

T is the average age at first breeding,

Hy s the average breeding success (chicks fledgegdair) per year in area
al

Of is the fraction of chicks that are female,

S is the annual post-fledging survival rate of juNe penguins in their first

year.

Following Crawfordet al.(2006), base-case values for parameters were &gddllows.T = 4
yr andgs = 0.5. African Penguins are known to breed forfitst time when 4-5 years old
(Randall 1983, Crawfordt al. 1999). Crawforcet al. (2006) concludes that there does not
appear to have been a decrease in the age diréeding of African Penguins over the last
decade or so and hence this aspect is not congigdegeeater detail for preset purposes.
To initialize the model, a steady initial populatizs assumed over the period 1986-1989,
although other alternatives could easily be incoateal.

The values of andSjwere either estimated within the model or fixeddshsn values reported

in the literature. Table 2 summarises literaturaveel estimates of adult and first-year survival
for African penguins. These confirm the notion t8pk S.As these two parameters are highly
correlated, it was not possible to simultaneoustingate both in the model and hence one value
was fixed and the other estimated. As previoustgulsed, it is conventional practice in marine
population modelling to estimagby fitting to an index/indices of abundance fae Hpecies
because of the sensitivity of population trendgh&ochoice of an adult survival parameger

Given that the moult count data is considered maliable, survival rate was estimated by
fitting to the moult count (and not also breediagrg) data for Robben and Dassen Islands
combined (base-case model version). The modellpdlaton trends are plotted together with
the data in all instances for purposes of compayisat the model was only fitted to other data
sources when specified, because the trends for iBgad and Boulders are confounded to
some extent by movements of penguins (see sectoadding complexity to the model).

Breeders and Moulters

The equations above provide a model index of tiebass of breeding females in each of the
sub-areas. An index is also required of the numbkfsmale moulters, as this component
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includes all birds aged approximately one year@ddr. Although the model developed here is
not fully age-structured, the numbers of 1, 2 aryd 8lds can be computed as:

N2 =g, S, (H,N, + H, N, ,S+H, N, ,S*) ()

The number of moulters is thus simply the sum aidEigpns (1) and (2). The above equations
are modified accordingly to account for additiocamplexity added to the model.

Adding Density Dependence

The density-dependent formulation used in the cam&odel is based on the form suggested in
Thomsoret al. (2000) adapted as follows:

. \
S - S{l— ) K;j (3)

where K is a carrying capacity-related term for pengumstib-area, used to introduce

density dependence into the penguin dynamics tihrthugdependence &fy on
penguin abundands.

Note that the value of the density dependent teasmletween zero and 1, so that, for example,
when the population size is very small relativéh® carrying capacity terid*, then this term

tends to 1.The value CS; is thus set at some maximum value so that theffeakiing juvenile

survival rate varies annually in response to dgm@pendent factors. The level of density
dependence included in the model can be alteredghrthe choice of values fdf*, with
largerK* values translating into minimal density dependeri®y running simulations with
gradually decreasing valueskf (up to a minimum value corresponding to the latge
population size observed over the model time pgribds possible to investigate the extent to
which density dependence may be responsible fooliserved trends in penguin numbers.
After some experimentation, a base-case valu€* ofas chosen on the grounds that it resulted
in a reasonable range of variation in juvenile suvrates. It was not attempted to b&3eon
historic estimates of carrying capacity becaush®fpossibility that penguin numbers at the
turn of the century may have been artificially hajre to a competitive release effect as a result
of reduced seal numbers present at the time. Mere@rawfordet al. (2007) propose a change
in carrying capacity from a very high level in th820s to a much lower value over the period
1978-2006. There was insufficient time during therent analysis to check whether the

information in Crawforcet al (2007) could be used to refine estimate&ofin the model.

Equation (1) is thus modified as follows:

a a a a * Na _
Ny+1 = NyS+ (Ny—T+1)qf f (By—T+1) |:Hmax Sj (1_ %*js-r b (4)
where:
Hmax is the maximum observed breeding sucadssks fledged per female per yr); and
f(Bj) Is a breeding success factor (multiplier Faxy Which is a function of a

component of pelagic fish abundance in ax@ayeary.

The “breeding success” factor described above gesvian alternative to using the breeding
success data detailed in Table 1. Note that irbs®-case model the breeding success factor
used is that corresponding to the year in whicltlkshiare born, but other lag times in the
response to changes in food availability can aésoestigated.
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Adding Immigration and emigration effects

Breeding adult African penguins very rarely breedrey other than the colony at which they
first established breeding. However, first-timedaters are known to emigrate from and
immigrate to other colonies, likely in responsel@anging food availability (Whittingtoet al.
2005). Based on re-sightings of flipper-bandedldhigVhittingtonet al. (2005) deduced that
the predominant direction of movement of some yopergguins was away from the south coast
of the Western Cape (in the vicinity of Dyer Islagndwards the western side of the Western
Cape, centred on Robben and Dassen Islands. Thel mad thus modified to allow emigration
from Dyer Island to Boulders and Robben and Dasdands. The simplest case for initial
investigation is that of Boulders because the tiantumbers at this colony can only be
explained by immigration. However, the Bouldersoogl is relatively small and hence
movement from Dyer Island to Boulders alone camxplain the declining population trend at
Boulders. The methodology is first explained fag #impler case assuming movement from
Dyer Island to Boulders only. For Dyer Island, Efijpra (4) is modified as follows:

Na - NaS+ (N;a/ T+1)qf f(By T+1) |:Hmax j(l_ N%;js-r_l E(n'_ Ey) (5)

where Ey is the proportion of first-time breeders that grate from Dyer Island. The
emigration proportion is estimated within the maoefitting to breeding pairs data for
Boulders (Table 1). Alternatively, this proportioan be set to zero. The actual number of birds

emigrating Enunf**is thus:

Enum™® = E, * q, f (B2,) [H,.,, ](1— N%*jSZ(Nj_Z) (6)

Equation (2) for Dyer island is modified accordingb account for the movement of pre-
breeders (assumed to be 3 years old). The propatithe first time breeders given by
equation (6) which immigrate to Boulders (BLD) matlthan Robben or Dassen islands is
determined by parametkyxop, estimated by fitting to trend data for Robben Bragsen islands
(RobDas). It follows that Equation (4) must be niiedi as follows for RobDas and BLD
colonies respectively:

RobDas
NRtl)bDas NRobDasS+ (N)I/?o_lt_)i)fs) q, f (B;eo_??fs) EHmaX J(l_ Ny %* b jST—l + (1_ | prop)l:Enun?yer B
RobDas
(1)
NBL = NBOS + (N BLD ) £ (BB \[H ‘[ 1— N:?LD S+ [E ver (g 3
v+ y y-T+1 qf ( y—T+1) max J K* prop nurdy) ( )
BLD

RESULTS

There is insufficient time to present results fiviseenarios here but this could be presented in
greater detail at the Task Group meeting. A setbfde results are shown in Figs. 5-11.

Previous analyses have demonstrated the senstivitpodelled penguin abundance trends to
the choice of the adult survival parametgrin Fig. 5, rather than estimating survival within
the model, the average and maximum of publishedegy{Table 1) are substituted. The plots
highlight that previous survival estimates areltm® to sustain populations, even when it is

6
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assumed as here that all first-time breeders frger Bland move to Robben and Dassen
island. The illustrative example shown uses thdawng breeding success factor. Preliminary
sensitivity analyses suggest that if survival eates are fixed at the maximum values in Table
1 (i.e. at lower values than estimated by the mjpdbkerved population trends can only be
reproduced if breeding success is doubled.

Figs. 6 -11 show model-predicted trajectories eflifstoric and projected numbers of female
moulting and breeding penguins at Robben and Daskesm combined, Dyer island and
Boulders. Also shown is annual variation in estedgtuvenile survival rate, the numbers of
chicks fledged per year and the number movingdolders. Results are shown firstly for
breeding success computed using the observedrdataCrawford (Fig. 6), then a sardine
breeding success factor (Fig. 7) and finally anchamy breeding success factor (Fig. 8). These
models all assume first-time breeders move fromrDy@&oulders (to match the Boulders
population data) but do not move to Dassen and &ubbhese examples include a moderate
level of density dependence. The effect of redudieigsity dependence is shown in Fig. 9. Fig.
10 again assumes moderate density dependence esthasanchovy breeding success factor,
but now movement from Dyer island to all other cwds is estimated. Fig. 11 is the same
except that the survival estimates are fixed awtiees as estimated in Fig. 8 (i.e. the model
cannot estimate a lower survival rate to assifitting the Dyer island data in this case).

A brief summary of these results follows:

» All estimates of survival rates as tabled in Tabkre much too low. If adult survival is
assumed less than 0.9 yr (i.e. 90% of adults oragrolder survive from one year to
the next), the corresponding model estimates anie survival hit the upper bound of
1.0 (i.e. the unrealistic assumption that no plesteing juveniles die in the first year).
Adding the additional constraint th&> S, , meant in most model runs that adult

survival was closer to 0.92 — 0.95 yr (see Disarssge survival rates). When density
dependence was introduced into the model, juveniteival rates are seen to drop over
the recent period, with the extent of the drop eteed by whether the level of density
dependence is assumed weak or strongSgeajectories in the Figs for examples).
Even under the assumption of strong density depeedehis factor was not sufficient
to reproduce the recent downturns in penguin alnrela

» The worst fit to the data was obtained when bregdiccess was assumed constant (set
at the average value) for all years. An improvédesulted when the breeding success
data (from R. Crawford, Table 1) was used. Thaffiroved substantially when
breeding success was computed instead as a fureétpelagic fish biomass. The
timing of the increase and decrease in penguin@dmgee in response to pelagic fish
abundance is not correct for the simple prelimirgmgnarios investigated, but shows
much promise.. Further explorations need to be dOne interesting result was that the
timing of the downturn can be represented exattlya proportion of first-time breeders
that commence breeding (at their natal colony)fisation of sardine recruitment
biomass at age 3 (Fig. 12) — this aspect neetisefuinvestigation as may suggest that
the age at first breeding is more sensitive to gbann prey availability than actual
breeding success.

» If the same survival rates are assumed to apabaasen/Robben and Boulders, the
model is able to predict the numbers of birds thast have immigrated to Boulders
each year. Model results suggest approximately @f7fst-time breeders from Dyer
moved annually to Boulders.

* The observed decline at Dyer island could not gé&slreproduced under any of the
preliminary scenarios investigated. If the samdtaahd survival rates are assumed as
for Robben and Dassen Island, then the populati@yer is predicted to remain
approximately steady under all breeding successasios. By fitting to the Dyer
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penguin moulters and breeders data, the modelstanate the numbers of first-time
breeders that must have left Dyer so as to restita observed declines. However, for
most scenarios these estimates hit the upper bauh@ i.e. all first-time breeders
move to Robben and Dassen islands. More work isined)to try and understand the
Dyer colony —the immediate priority is to resolhe tdata issue as shown in Fig. 4.

* The model is useful in providing projections of gaim populations over the next few
years under a range of scenarios. Under most sosrmmpulations are predicted to
decrease slightly or remain approximately steadgn&rios in which future prey
availability is assumed very low could also beddst

DISCUSSION

Survival rates

Previous survival rates summarised in Table 2 \yeresrally found to be too low to reproduce
the observed population growth rate trends. Risk{2000), using data from 34 studies
comprising 32 bird species, demonstrated a stronglation between annual fecundity
(number of fledglings per year) and annual adulttediby. From Table 1, the average fecundity
value is 0.64 and the maximum 1.04. Using Rick{2800) relationship and computing adult

survival asS=e™ , yields corresponding theoretical survival estiesaif 0.88 and 0.92 yr.
Moreover, Ricklefs (2000) found that from fledgitegmaturity is a function of annual adult
mortality, roughly suggesting from his relationspnereproductive survival rates in this case of
the order 0.74 to 0.82/yr. First-year survival satan naturally be expected to be less than this.
Model results similarly suggested adult survivaésaof about 0.9/yr and juvenile survival rates
ranging from about 0.4 to 0.8 under different scesawith inter-annual variation dependent
on the degree of density dependence assumed).

Conclusions

The model developed here has proved a useful to@xploring various hypotheses and
providing a dynamic picture of penguin dynamicse Tinodel has been built up from a very
simple form to a more complex form that permitsidating movement of birds between
colonies. The simplest form of the model integrai@sent understanding of penguin
population dynamics to test whether the variousupa@ter estimates are compatible with the
data. These investigations suggest that some ptgagstimates are likely biased and should be
revised. Preliminary results suggest that the elesktrends in penguin abundance can only be
explained if penguin breeding success (or pre-dmtive survival) is assumed to depend on
prey availability, corroborating the numerous sésdstating this by Rob Crawford and
colleagues. For some colonies (Boulders, Dyer djlathe trends in penguin numbers can only
be explained if immigration to and emigration freolonies is assumed.

The model as described here is still in the prooésievelopment and hence results should be
viewed as preliminary only. Nonetheless, the maglabw sufficiently well developed that it
can be used to explore a range of different scesamd management options. Following
further model explorations, the model is of a fahat can readily be linked to the pelagic
OMP.
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Table 1. Summary of data input to model. Data kintbvided by R. Crawford and L.

Underhill. Counts of the numbers of moulting bifdsre been halved to represent the number
of female moulters per year, to make them companaith the numbers of breeding pairs,
which is simultaneously a count of the numbersregting females per year. The breeding
success data from R. Crawford represent the avenagéers of chicks fledged per pair (i.e.

per female) per year. Data shown in italics arerpalated or computed as described in the text.

Number of female moulters Number of breeding pairs Breeding success (chicks/pr)
Year Robben and Dassen Dyer Robben and Dassen Dyer Boulders Robben
1989 7910 829 38 0.42
1990 7876 1278 8349 54 0.32
1991 8545 1879 6115 131 0.59
1992 8638 2027 7579 158 0.59
1993 9449 2176 2374 241 0.54
1994 10181 2799 4649 359 0.45
1995 10154 2279 4260 366 0.38
1996 9393 3097 3279 416 0.65
1997 9281 3336 2745 726 0.97
1998 12496 3467 1963 555 0.75
1999 15418 4399 2363 906 0.60
2000 18420 5705 2220 949 0.72
2001 19729 2057 6723 2088 1054 0.84
2002 21029 2542 7252 2145 1083 0.90
2003 18624 1902 6433 1929 1033 0.57
2004 17508 8524 2216 1196 0.72
2005 15585 2768 7152 2053 1227 1.04
2006 9557 1422 3697 2057 0.518

Table 2. Summary of adult and juvenile survivaésa¢stimated for African penguins.

Adult survival rate

Value Locality Period Source

0.91 St Croix Island 1976-1982  Randall 1983

0.69 Dyer Island 1979-1985 La Cock and Hanel 1987
0.82 Robben Island 1993-1994  Crawfetdal 1999

0.80 Dassen Island 1990-1999  Whittington 2002

0.82 Robben Island 1990-1999  Whittington 2002
0.8-0.9 Western Cape 1994-2002  Altwegg 2006

0.808 Average value

0.91 Maximum value

Juvenile survival rate

Value Locality Period Source

0.32 St Croix Island 1976-1982  Randall 1983

0.69 Dyer Island 1979-1985 La Cock and Hanel 1987
0.31 Robben Island 1993-1994  Crawfetdal 1999

0.38 Dassen Island 1987-1999  Whittington 2002

0.425 Average value

0.69 Maximum value
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Table 3. Summary of data on anchovy and sardineddnce (from C. Cunningham) and
derived breeding succeBisindices tested in the model. Values in italicsratggh estimates
only.

Sardine Anchovy
May Recruitment Hy as a function
November numbers (in Hy as a function of Hy as a function of May Recruitment of anchovy
Biomass in 000t billions) sardine biomass sardine recruitment numbers (in billions) recruitment
1985 136.8 3.2 0.032 0.057 106.3 0.171
1986 186.8 35 0.044 0.064 221.2 0.356
1987 234.5 33 0.056 0.059 107.8 0.174
1988 294.8 4.6 0.070 0.082 105.4 0.170
1989 429.3 6.2 0.102 0.111 27.9 0.045
1990 506.2 55 0.120 0.098 77.3 0.124
1991 608.7 12.8 0.144 0.231 252.5 0.407
1992 673.0 13.8 0.160 0.249 143.3 0.231
1993 1032.0 14.6 0.245 0.263 68.3 0.110
1994 1255.2 11.2 0.298 0.202 37.0 0.060
1995 1184.6 22.3 0.281 0.402 71.6 0.115
1996 1204.4 10.9 0.286 0.196 29.5 0.047
1997 1169.5 16.2 0.277 0.292 83.6 0.135
1998 1548.0 29.2 0.367 0.526 103.3 0.166
1999 2855.6 36.7 0.678 0.663 187.2 0.301
2000 3533.8 47.7 0.839 0.861 513.6 0.827
2001 3447.6 57.4 0.818 1.036 645.9 1.040
2002 4366.1 50.8 1.036 0.917 222.8 0.359
2003 4067.4 38.7 0.965 0.699 265.9 0.428
2004 3533.3 10.1 0.838 0.183 0.312
2005 2197.3 5.2 0.521 0.095 0.208
2006 1594.4 22.0 0.378 0.396 0.104

Table 4. List of model parameters and descriptionthe order in which they appear in the
text.

Parameter | Description

Ng Number of mature (past the age at first transitfemale penguins in
sub-area in yeary

S Post-first-year annual survival rate of penguins

S, Average annual post-fledging survival rate of juleepenguins

s?uiv Maximum first year post-fledging (juvenile) survivate of penguins

T Average age at first breeding

Of Fraction of chicks that are female

P Maximum number of fledged chicks per pair per year

f(B;‘) Breeding success factor (multiplier 8y which is a function of the
biomass of pelagic fish in ar@an yeary

K*a Carrying capacity-related term for penguins in &ea

Ey Proportion of first-time breeders emigrating frorpe Island in yeay

Enunfyef Number of first-time breeders emigrating from Digand in yeay

| Proportion of Dyer Island emigrants that move taBers
prop

R? Steady annual growth rate of penguins in sub-aig®-1989.
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Cape
Columbing

Spatial Area 1

Percentage breeding pairs in sub-areas
(2005)

7

O Group 3
O Group 2
O Group 1

Fig. 1. Map showing location and possible groupphgenguin colonies in the “western” area.
The colonies currently included in the model arevaiin bold red text. The arrows represent
movement of penguins from Dyer Island to Bouldassyell as movement to Robben Island as
is explored in the model.
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Fig. 3. Summary of data (from Underreli al 2006) on the numbers of breeding pairs of
penguins in the “western” area.
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Fig. 4. Plot of numbers of female moulters (asswgna 50:50 sex ratio) and numbers of breeding pairs
of penguins at Dyer Island. The number of moultectudes all animals aged (approximately) one
year and older whereas breeding females are agedxamately four years and older. The latter

index should thus be a smaller subset of the farmer
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Fig. 5. Demonstration using the dynamic model afigeen dynamics of the sensitivity of modelled
penguin abundance trends to the choice of the adhdtjuvenile survival parameteg and Sj.
Rather than estimating survival within the modela) the average of the values in Table 1 are used
and in b) the maximum values in table 1 are uséats Pighlight that previous survival estimates
are too low to sustain populations, even when @ssumed as here that all first-time breeders from

Dyer island move to Robben and Dassen islands.
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Model version: BR(data); S= 0.95 Movement from Dyer to Boulders only
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Fig. 6. Model-predicted trajectories of the nunsbefrfemale moulting penguins (left panel), numisielbreeding pairs (centre) and projected numbelstf population components (right) at Robben
and Dassen island combined (top panel); Dyer is{afdfrom top) and Boulders Bfrom top). The bottom panel shows annual variaitio@stimated juvenile survival rate (left), thenmhers of chicks
fledged per year (middle) and the number movinBdalders (right). Observed data are shown as didnpoints not joined by a line.
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Model version: BR(sardine); S= 0.95 Movement from Dyer to Boulders only
No. of female moulters No. of Breeding females Projected no. of Moulters and Breeding females
S 25000 16000 30000
Q 14000
_g 20000 12000 izggg
T o 15000 12888 15000 —=— Pmoult
T £ 10000 6000 .0’0 . —®— Pbreed
g 3 5000 4000 et t® . 10000
c 2000 ..000 L 4 5000
(] 0 0+ T —
n 0+
[] > ) " ) » A o) \ %) 2
> o} o) o) o > %} Q Q O
8 N NS IS S S R S S
20000 16000 25000
14000
15000 ././-/l\. 12000 20000
2- 12883 15000 —=— Pmoult
= 10000 6000 10000 —m— Pbreed
e
2 4000 oo
A 5000 . 2000 * 00000000 5000
. TS L 4 'S P 0 — —— o
' O & o & & O & X L @ d M W O~ @ 4 M oWw o~ @ o
2001 2002 2003 2005 2006 RO IR SR S S PSP 8 3 3 3 3 3 S S S S 8 8
5000
Proportion 1st time breeders 4000
[7)] .
5 emmigrated from Dyer = 3000 —=— Pmoult
2 0.126784 2000 —#—Pbreed
o 1000
m -l
ojmm:m-m:®EZ 0 1
b @ n ~ (2] f) 2] [Te} ~ (2] -
(2] (=2 (%2 (2] (22 o o o o o I
(=2} (2] (2] ()] (<)} o o o o o o
- - - - - N N N N N N
e]
2 o 074 _ 12 350
s g 072 2 5 300
o0 g 07 5 7 250
é E E 0.68 > 0.8 5 200
EZ z 8'2?1 < 06 £ 150
=32 2oe g 04 £ 150
23 g% 5 02 2 50
.S 3 056 0+ T T o+~
T 233853338533 S P PRSI TP g > PP S
.. 223233232388 RR8¢% PR P PP S S . S I S S
&

Fig. 7. Model-predicted trajectories of the numhErgemale moulting penguins (left panel), numbeb@eding pairs (centre) and projected numbelzoti population components (right) at Robben
and Dassen island combined (top panel); Dyer is{affdrom top) and Boulders Bfrom top). The bottom panel shows annual variaiio@stimated juvenile survival rate (left), thenmhers of chicks
fledged per year (middle) and the number movinBdalders (right). Observed data are shown as di@npoints not joined by a line.
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Model version: BR(anchovy); S= 0.95
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Fig. 8. Model-predicted trajectories of the nunsbefrfemale moulting penguins (left panel), numisielbreeding pairs (centre) and projected numbelstf population components (right) at Robben
and Dassen island combined (top panel); Dyer is{affdfrom top) and Boulders Bfrom top). The bottom panel shows annual variaitio@stimated juvenile survival rate (left), thenmhers of chicks
fledged per year (middle) and the number movinBdalders (right). Observed data are shown as didnpoints not joined by a line.
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Less dens. dep.; BR(anchovy); S= 0.95 Movement from Dyer to Boulders only
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Fig. 9. Model-predicted trajectories of the numbsrgemale moulting penguins (left panel), numbEbi@eding pairs (centre) and projected numbetsoti population components (right) at Robben
and Dassen island combined (top panel); Dyer is{afdfrom top) and Boulders Bfrom top). The bottom panel shows annual variaitio@stimated juvenile survival rate (left), thenmhers of chicks
fledged per year (middle) and the number movinBdalders (right). Observed data are shown as didnpoints not joined by a line.
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Model version: BR(anchovy); S= 0.95
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Fig. 10. Model-predicted trajectories of the nunsbaf female moulting penguins (left panel), numbibreeding pairs (centre) and projected numb&b®th population components (right) at
Robben and Dassen island combined (top panel); Blgard (2 from top) and Boulders &from top). The bottom panel shows annual variaiioestimated juvenile survival rate (left), thenmaers
of chicks fledged per year (middle) and the numbeving to Boulders (right). Observed data are shas/diamond points not joined by a line.
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Model version: BR(anchovy); S= Fixed S and Sj at Robben/Dassen values

Move from Dyer to Boulders and Robben/Dassen
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Fig. 11. Model-predicted trajectories of the
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nunshaf female moulting penguins (left panel), numbkbreeding pairs (centre) and projected numb&b®th population components (right) at

Robben and Dassen island combined (top panel); Blgard (2¢ from top) and Boulders &from top). The bottom panel shows annual variaiioestimated juvenile survival rate (left), thenmhers

of chicks fledged per year (middle) and the numbeving to Boulders (right). Observed data are shas/diamond points not joined by a line.
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Fig. 12. Example reproduction of the timing of r@pulation downturn when assuming the proportiofirsf-time breeders that commence breeding (at tiaal colony) is a function of sardine
recruitment biomass at age 3. Model-predicted dtajees of the numbers of female moulting penggiief panel) and number of breeding pairs at RokdrehDassen island combined. Observed date
are shown as diamond points not joined by a line.
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