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Abstract

Models of variability in Adélie penguin foraging trip durations were constructed and fitted
to data collected at Béchervaise Island over a 12-year period when only natural variation
was known to occur. Variability among trips and penguins was greater in the créche
stage, but variability among years was greater in the guard stage. Estimates of variability
were used to explore the power to detect change under particular impact and monitoring
scenarios. Power to detect change was greater in the créche stage than the guard stage. The
gain obtained by increasing the number of penguins or trips sampled diminished rapidly
when sample sizes were greater than 30 penguins and three trips per penguin. Statistics
were developed to test for three forms of change (step, trend and ramp). A test for change
based on the difference between pre- and post-impact means generally performed better
than a test based on the slope of a trending post-impact change or a joint test of difference
and slope. While foraging trip duration is considered to be sensitive to changes in food
availability over time scales of days to weeks, because of the high level of natural between-
year variation, it would take many years of post-impact monitoring to detect systematic
change with high power unless one were willing to relax the Type I error rate to a rate
well above the traditional level of 5%. The strategy of including ice cover as a covariate to
explain between-year variation in trip duration increased the power to detect change in
the guard stage, but the likely dependence between ice cover and fishing activity could
confound interpretation and thus, in this case, this strategy is not recommended.

Résumé

Des modeéles de variabilité de la durée des sorties alimentaires du manchot Adélie ont
été construits et ajustés aux données collectées a 1'ile Béchervaise pendant une période
de 12 années lorsque la variation naturelle était seule en cause. La variabilité entre sorties
et entre manchots était plus importante au stade de creche, mais entre années, elle était
plus forte au stade de garde. Des estimations de variabilité sont utilisées pour évaluer la
capacité a détecter les changements dans des scénarios particuliers d'impact et de suivi.
La puissance de détection des changements s’est révélée plus élevée au stade de créche
qu’au stade de garde. Le gain obtenu en augmentant le nombre de manchots ou de sorties
échantillonnés a diminué rapidement lorsque la taille des échantillons était supérieure a
30 individus et trois sorties par manchot. Des statistiques ont été mises au point pour tester
trois formes de changement (marche, tendance et rampe). Un test reposant sur la différence
entre les moyennes pré et post-impact donne en général de meilleurs résultats qu'un test
basé sur la pente d'un changement post-impact en forme de tendance ou un test combinant
différence et pente. Alors que la durée de la sortie alimentaire est considérée comme étant
sensible aux changements de disponibilité de nourriture sur une échelle temporelle allant
de quelques jours a plusieurs semaines, en raison du niveau élevé de variation naturelle
d’une année a une autre, il faudrait de nombreuses années de suivi post-impact pour
détecter le changement systématique avec une puissance élevée, a moins que 'on soit
prét a adopter, pour le taux d’erreur de Type I, un taux qui soit bien supérieur au taux
généralement admis de 5%. La stratégie consistant a inclure la couverture de glace comme
covariante pour expliquer la variation entre années de la durée des sorties augmente la
puissance de détection des changements au stade de garde, mais la dépendance probable
entre la couverture de glace et I'activité de péche pourrait fausser I'interprétation et c’est
pour cette raison que, dans ce cas, cette stratégie n’est pas recommandée.

Pesrome

Bl mOCTpOeHbl MOAENH M3MEHYMBOCTH MPOJOJIKUTELHOCTH IOXOIOB 33 MHIIEH
MUHIBUHOB AJIeJIH, KOTOpbIE ObUIH MOJ00paHBbI K IaHHBIM, COOpaHHBIM Ha 0-Be berepsas
3a 12-meTHW mepuoj, KOTaa, Kak HM3BECTHO, HAOMIONAINCh TOJBKO €CTECTBEHHBIE
nu3MeHeHns. [Ipn paccMOTpeHHH MOXOI0B M MMHIBHHOB W3MEHYHMBOCTh OBbIIA BBIIIE HA
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SCEJILHOM CTa 1M, 2 U3MEHYMBOCTD 110 ToJiaM ObljIa BBIIIE B IEpHO[ ITpucMoTpa. OLeHKH
W3MEHYMBOCTH HCIIOJIB30BAIUCH JUIS M3YyYEHHS BO3MOKHOCTH BBIABISITH M3MEHEHHE B
CJ1ydac KOHKPETHBIX CHCHApUCB BOSHCﬂCTBHH 1 MOHHUTOPHUHTIA. BepOHTHOCTb BbISIBIICHU A
W3MEHCHHUH OblIa BBINIEC HA SICEIBHON CTAIUM [0 CPABHEHHUIO C MEPHOIOM MPUCMOTPA.
[Ipenmy1iecTBO, MOIYYCHHOE 3a CUCT YBEIMYCHHUS YUCIIA OTOOPAHHBIX MAHTBUHOB WK
TIOXO/IOB, OBICTPO YMEHBIIANIOCH, KOTJIa pa3Mepbl BBIOOPKHU mpeBbimani 30 MMHIBUHOB
WIM TPU TI0XOJa Ha NMHMHTBHMHA. BpUIM pa3paboTaHbl CTATUCTUYECKUE IOKA3aresld ISt
TECTHPOBAHUSA TpeX BHUIOB H3MEHEHHH (CKaukooOpa3HOe, IUIaBHOE U MEJIEHHOE).
Kpurepuii u3MeHeHHsI, OCHOBaHHBIN Ha Pa3HULE MEXIY CPEIHHUMH 3HAYCHUSMHU J0 U
1OCJIe BO3ACHCTBUS, B LIEJIOM [l JIy4IllUe PE3yNbTaThl, YeM KPUTEpHUil, OCHOBaHHBIN
Ha KPYTHU3HC TCHACHUIHNNW U3MCHCHUS IOCJIC BOSIIGﬁCTBI/IH, W 4YeM KOM6HHHpOBaHHLlﬁ
KPUTEPHH pa3HUIIBI U KPyTU3HBEL. CUHTaeTCs, YTO MPOIODKUTEIFHOCTD ITOXO0/1a 32 MUIIEeH
YYBCTBUTECJIIbHA K UBMCHCHHUAM B HAJITMYUU ITAIINU B Macirade BPEMEHU OT }IHeﬁ J0 HCACIIb,
OIIHAKO M3-32 BEICOKOTO YPOBHS €CTECTBEHHOM MEXI010BOM N3MEHIMBOCTH IOTPEOYIOTCS
MHOTOJIETHWE HAOIIONEHUs JIJISl TOTO, YTOOBI MOYXHO OBUIO C OOJBIION BEPOSTHOCTHIO
BBIIBUTH CHCTEMATHUECKOE M3MEHEHHE, €CIM HE YBEJIWYUTHh pa3Mep OMMNOKH NEepBOTO
poza 10 YpoBHs, HAMHOTO TPEBBIMIAIONIETO TPAaAUIMOHHBIE 5%. CTparerust BKIIOYEHHS
JIEZIOBOTO MOKPOBA B Ka4eCTBE KOBapHATHI, OOBSCHSIONIEH MEXIOJOBYI0 H3MEHUHMBOCTD
B TIPOZIOJDKUTENBHOCTH MOXO/I0B, TOBBIMIACT BEPOSTHOCTH BBISABICHUS W3MEHEHHH B
MIEPUOJ IPUCMOTPA, HO BO3MOXKHAS 3aBUCUMOCTD MEXTy JICIOBBIM IIOKPOBOM H PHIOHBIM
MIPOMBICIIOM MOXKET YCJIOKHUTHh HWHTEPIPETALHIO PE3yNbTaToB, W MOTOMY B JaHHOM
Cilydae 3Ta CTpaTerus He PEKOMEHAYETCsl.

Resumen

Se formularon modelos de la variabilidad de la duracién de los viajes de alimentacién
del pingiiino Adelia, que fueron aplicados a los datos recopilados en la Isla Béchervaise
durante un periodo de 12 afios, en el cual se sabe que solamente hubo variabilidad natural.
La variabilidad entre viajes y entre pingiiinos fue mayor durante el periodo de guarderia,
pero la variabilidad interanual fue mayor durante el periodo de cria. Las estimaciones de
la variabilidad fueron utilizadas para estudiar la capacidad para detectar cambios bajo
ciertas condiciones, en particular suposiciones relativas al impacto y al seguimiento. La
capacidad para detectar cambios fue mayor en la etapa de guarderia que en la etapa de
cria. La ganancia obtenida al aumentar el niimero de pingiiinos o de viajes de alimentacién
de la muestra disminuy6 rdpidamente cuando la muestra incluyé mas de 30 pingiiinos
y tres viajes de alimentacion por pingiiino. Se desarrollaron pruebas estadisticas para
detectar tres tipos de cambios (intervalo, tendencia y rampa). Las pruebas para detectar
cambios basadas en la diferencia entre los promedios de las variables antes y después del
impacto por lo general fueron mas efectivas que las pruebas basadas en la pendiente de
una tendencia a cambio después del impacto, o una prueba combinada de la diferencia
y la pendiente. Si bien se considera que la duracion de los viajes de alimentacién es muy
sensible a los cambios de la disponibilidad diaria y semanal de alimento, debido a la alta
variabilidad interanual se tendria que efectuar el seguimiento después del impacto durante
muchos afios para poder detectar cambios sistematicos con andlisis de alta potencia,
a menos que uno estuviese dispuesto a utilizar una tasa de error Tipo 1 mucho menos
estricta y bastante mayor que la tasa tradicional de 5%. La estrategia de incluir la cubierta
de hielo como covariante para dar cuenta de la variabilidad interanual de la duracién de
los viajes de alimentacién aumento la capacidad para detectar cambios durante la etapa
de cria, pero la posible dependencia entre la cubierta de hielo y las actividades pesqueras
podria confundir la interpretacién, y por lo tanto no se recomienda tal estrategia en este
caso.

Keywords: Adélie penguin, CEMP, change detection, foraging trip duration, power,
temporal variability, CCAMLR

Introduction

The time adult penguins spend at sea forag-
ing to provision their chicks is thought to be a
sensitive indicator of prey availability over time
scales of days to weeks (Cairns, 1987; Croxall et
al., 1988). Foraging trip duration is one of the
parameters recommended for measurement under
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the CCAMLR Ecosystem Monitoring Program
(CEMP), which aims to monitor behaviour of krill-
dependent predators in order to detect ecosystem
changes and differentiate effects of harvesting from
those due to natural environmental variability
(CCAMLR, 2003). While the likely sensitivity and
short response time to changes in prey availability
are seen as ‘good’ characteristics of foraging trip
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duration and of ecosystem indicators in general
(Landres et al., 1988; Hilti and Merenlender, 2000),
such characteristics may also have the disadvan-
tage of showing an inherently high degree of natu-
ral variation or ‘background noise’ that may tend
to obscure any signal that monitoring is trying to
detect. Examination of the trade-offs between these
characteristics is best undertaken through power
analyses that take into account the magnitude
of all sources of variation affecting the indicator
(Southwell et al., 2004).

At the inception of CEMP little was known
about the natural level of variability in foraging
trip durations of penguins feeding chicks. Initial
power analyses (Boveng and Bengtson, 1989;
Whitehead, 1989) were necessarily based on a
very limited number of years of data, and so could
only address the detection of year-to-year differ-
ences rather than deviations from normal levels of
natural interannual variability (CCAMLR, 1989).
However, datasets collected over the past decade
or more of CEMP are now sulfficiently extensive to
enable comprehensive power analyses to be under-
taken to explore the sample sizes and the time
frames required to detect change of specified size
and power.

This manuscript describes the construction of a
model of variation in penguin foraging trip dura-
tion and the use of a 12-year dataset from Adélie
penguins at Béchervaise Island in East Antarctica
to estimate the magnitude of the sources of varia-
bility in this parameter. These models and variance
estimates were then used to estimate the power to
detect change under a number of possible impact
and monitoring scenarios.

Methods

Scenarios for post-impact change
in mean duration of foraging trips

The consequence of an impact on foraging trip
time is presumed to result in one of the following
changes: (i) a ‘step’ change in which the mean forag-
ing trip time rises in the first post-impact year and
remains constant thereafter, (ii) a ‘trend’ change in
which there is a constant rate of increase across the
post-impact years, and (iii) an intermediate ‘ramp’
change in which there is a constant rate of increase
for a number of years, after which the mean level
remains constant.

Monitoring scenario

Development of the models below is based on
the following monitoring scenario: (i) foraging

trip duration data are collected for each of a con-
secutive years prior to an impact (pre-impact or
‘baseline’ data) and b years after that impact (post-
impact data) from 2n penguins (i.e. n pairs) each
making r foraging trips, (ii) the impact may cause
a systematic change in mean foraging trip dura-
tion in post-impact years, and (iii) the form of post-
impact change may be either a step, ramp or trend
change.

Foraging trip duration data were obtained over
12 consecutive years (1991/92 to 2002/03) from
Adélie penguins breeding at Béchervaise Island
(67°35'S 62°49'E), near Mawson Station in East
Antarctica. No krill fishery was operating in the
region during that time, so these data can be con-
sidered to provide pre-impact or baseline data prior
to a possible future impact due to a krill fishery.

Modelling variation in foraging trip duration
during the pre-impact period

A general model was constructed to include
likely and potential sources of variability in indi-
vidual foraging trip durations under natural pre-
impact conditions. Likely sources of variability
included years, mating pair membership, gender,
penguins and trips.

Foraging tripsby Adélie penguins at Béchervaise
Island are characterised by many short trips, inter-
spersed with a variable number of longer trips, and
the occasional very long trip (Clarke et al., 1998,
2002). Such data are best analysed on a logarithmic
scale because it is more useful to express change on
a proportional rather than an absolute scale and,
for statistical modelling, additivity was found to
apply on the logarithmic scale. Analysis of data on
the logarithmic scale has been recommended by the
CEMP Subgroup on Statistics (SC-CAMLR, 1996).

The general model equation was:

'

Yigon = I fij = M+5; 4 pjj + Gy + e + €4y

fori=12,...,4j=12,..n;
k= 1,2, m= 1,2,...,1’l'jk (1)

where: fi,, is the duration of the mth foraging trip
for the kth member (k = 1 for female, 2 for male) of
the jth pair in the ith year, and y;j,, is the natural
logarithm of f;;,,; M is the average duration across
all years for all penguins; s; is a measure of the
natural year-to-year variation that was presumed
to arise in a random manner from year-to-year;
p; allows for the natural variation among mating
pairs in the duration of time they spend foraging;
Gy is a gender effect, i.e. G—G; is the difference in
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average trip duration between females and males;
e; allows for the natural penguin-to-penguin varia-
tion in trip duration within a mating pair that is not
due to gender; and ey, allows for natural variation
in duration among successive trips by the same
penguin. The components s;, p;;, e; and ejy, are
presumed to be random values from normal distri-
butions with mean 0 and variances G?, G,zj,,, G;, and
o7 respectively. The variables are assumed to be
independent except for the set of trip components
for an individual penguin, the e;jkm terms, which
might be expected to be correlated.

It is noted that the model was augmented when
initially applied to the available pre-impact data
by including a systematic component represent-
ing a possible trend over years in order to check for
evidence of a systematic change in mean foraging
trip duration in the pre-impact period. There was
no evidence for a trend. Hence variance estimation
was based on equation (1).

This general model was assumed to be the sim-
plest representation of variation in foraging trip
duration in the guard stage, when pair members
are alternately foraging and guarding chicks. In the
creche stage, however, when both parents are able
to forage at the same time, the connection in trip
duration between pair members may no longer
be present, and a simpler model was applied,
namely,

Yikn =10 fig = M +5; + Gy + ey +e;'km
fori=12,...0;k=12,...2n;m=12,...,rie. (2

where the components have the same meaning
as in equation (1). Modelling of the data showed
that the assumption of independence between
pair members in trip durations during the créche
stage was supported; hence equations (1) and (2)
were used to estimate variance components for the
guard and creche stages respectively.

One additional potential source of variability is
the extent of ice cover offshore from the breeding
colony, which may influence foraging trip duration
through its effect on prey availability and/or rate
of travel (Irvine et al., 2000; Clarke et al., 2002). This
source of variation can be represented by replac-
ing the random year component s; in equations (1)
and (2) as follows:

s; =v(x; —X)+s;, (3)
where x; is the percentage ice cover in the ith year,

X is the average of the percentage ice cover across
the years for which data were available, and s; is
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the remaining (unexplained) natural year-to-year
variation. The model assumes a linear relation
between mean trip duration per year and percent-
age ice cover.

The primary set of statistics for yearly com-
parisons is the set of yearly means for foraging trip
duration ¥, ¥,,...,Y,.p- The ¥; terms are normally
distributed with variance represented by equa-
tion (4) for the guard stage and equation (5) for the
créche stage:

1 1 c
Gy =GF +—Gopy +——Cp +— (4)
n 2n 2nr
2
1 o
oy =oci+——oh +—. (5)
2n 2nr

Estimating variation in foraging trip duration
during the pre-impact period

Model equations (1) and (2) were fitted to the
Adélie penguin trip data for guard and creche trips
respectively to obtain estimates of the variance
components in the pre-impact period. The esti-
mates of variance components were then inserted
into equations (4) and (5) to provide an estimated
variance for yearly means. As preliminary analy-
sis showed no evidence of a systematic trend over
the pre-impact years, all year-to-year variation was
assumed to be random.

Modelling variation in foraging trip duration
during a post-impact period

Development of models for the post-impact
period was based on the following assumptions:
(i) equations (1) and (2) represent the contributions
to trip duration from various sources of variation
for the guard and créche stages respectively, (ii) an
impact after a years causes either a step, ramp or
trend change in foraging trip duration across the
b post-impact years, but there is no change in vari-
ability, and (iii) the nature of the impact is such that
any change is uni-directional and positive. With
respect to this last point, one would expect a decline
in prey availability to affect foraging trip duration
in this manner. The effects of step, ramp and trend
changes on power were explored because it is not
presently obvious how quickly a future krill fish-
ery might impact on ecosystem components. These
three forms were chosen to represent two extremes
and an intermediate rate of impact. The assumption
of a constant variance (on the logarithmic scale)
between pre- and post-impact years is the sim-
plest of numerous possible scenarios. Exploration
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of other variance scenarios could be undertaken in
this modelling framework but is beyond the intent
and scope of this paper.

Step change model

In this model it is assumed that mean foraging
trip duration is constant for years i = 1,2,...,a prior
to an impact (i.e. M; = M), then in the year follow-
ing an impact mean trip duration may increase by
a proportion p and remain at that changed level
thereafter (i.e. M; = My(1 + p) for i = a+1,a+2,...,a+b
thereafter). This can be equivalently expressed on a
logarithmic scale as:

logM; = logM, fori=1,2,....a
=log(Mp)+d fori=a+1l,a+2,...,a+b

where & is the difference between pre- and
post-impact periods on the logarithmic scale
(i.e. 5 =log(1l + p)). An estimate of 5, denoted by 5,
can be obtained as the difference from analysis of
data on the logarithmic scale, in the mean for years
a+1 to a+b minus the mean for years 1 to 4, and an
estimate of the percentage change in mean trip
duration as 100 [exp(S) -1].

Trend change model

This model assumes a proportional increase in
foraging trip duration in the years after an impact

M.
(i.e. My, = M; + pM;, or —=L=1+p, where M; is
P M

the expected trip duration in the ith year and p is
the proportional increase). As equations (1) and (2)
model the logarithm of mean foraging trip dura-
tion, the comparison of the mean trip duration in
successive post-impact years could be expressed

as log(M;,1) — log(M;) or log| — |. The require-

i
ment for the mean foraging trip duration in each

post-impact year to increase by a proportion p over
the previous year can therefore be expressed as
log(M;,1) — log(M;) = log(1 + p), or, by assuming a
linear regression relation based on the logarithms
of the mean trip durations for the years, as log(M,)
= o + Px;. In this representation B = log(1 + p) and
the x; term represents years. Under this model,
evidence for the presence of a trend change can be
derived from a test of the hypothesis f = 0 and an
estimate of the percentage change determined as
p =100exp(B), where B is the estimate of the regres-

sion coefficient .

Ramp change model

This model assumes a proportional increase in
foraging trip duration for the first ¢ post-impact
years followed by a constant level for the remaining
b—c years (i.e. M1 = M; + pM; for i = a+1,a+2,... a+c,
and M; = M, = My(1+p)* for i = a+c+1,a+c+2,...,a+b,
where M is the pre-impact mean level.

Power to detect a change between
pre- and post-impact data

Tests for the detection of step and trend changes
that are based on tests of 6 and B, and whose pow-
ers can be examined analytically, are presented
below.

‘Difference’ test

Under the assumption of a step change, if ¥,
and ¥, are the means of the pre-impact and post-
impact year means, then ¥/t — ¥, is normally dis-
tributed with mean & and variance

> »(1 1
Ga ZGyf (;+Zj (6)

Evidence for the presence of step change can be
derived from a test of the null hypothesis 6 = 0, with
the test based on the statlstlc t=Ypost —Vpre)/ Sz,
wheres? 7 is an estimator of 6% 7 defined in equation (6).
A value for s 7 was obtained by inserting estimated
values for the variance components based on pre-
impact data into equations (4) and (5). Under the
hypothesis of no change up to year a (i.e. the pre-
impact years) versus the alternative of an increase
in mean of P% in year a+1 (i.e. the first post-impact
year) and a constant level thereafter, the statis-
tic t has a distribution under the null hypothesis
that is well approximated by a t-distribution with
a-1 degrees of freedom.

"Slope’ test

Evidence for the presence of trend change can
be derived from a test of the null hypothesis § =0,
with the test based on the statistic t = B/ Sy where
B is the standard linear regression estimator of
from the regression of mean log trip duration val-
ues for year on a variable representing years. The
statistic SB is an estimator of G = 0 / Z“b %)%
Estimates of the variance Components requlred in
equations (4) and (5) were obtained from the analy-
sis based on available pre-impact data.

Under the hypothesis of no change between
pre- and post-impact years versus the alternative of
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a constant, increasing rate of change of P% (i.e. the
proportionate increase, p = P/100) after an impact,
the statistic ¢ has a distribution well approximated
by a t-distribution with a-1 degrees of freedom,
where a is the number of pre-impact years. If the
minimum percentage increase from one year to the
next that is considered to be of significance is set
at Py (which implies By = log(1+P,/100)), and the
chance that the test will incorrectly claim there is a
difference (a Type I error) is set at a, then the power
of the test is Pr(t(a—1,1) > f,(a-1)) where A =8,/ S
(the non-centrality parameter), t(a—1,A) is a non-
central t distribution with degrees of freedom a-1
and non-centrality parameter A, and f,(a-1) is the
value for a t-distribution with a-1 degrees of free-
dom that is exceeded with a probability a if interest
lies only in detecting an increasing trend in mean
foraging trip duration across years.

It is noted that even under a trend change sce-
nario a test based on the slope statistic is not nec-
essarily more powerful than the test based on the
difference statistic. The reason lies in the fact that
the difference statistic makes use of all the pre-
impact data through the baseline mean, whereas
the slope statistic only makes use of the last pre-
impact datum as one of the values for estimation of
post-impact slope.

A test for detecting a ramp change

Under the assumption of a ramp change sce-
nario, in practice the number of years for the maxi-
mum level to be reached (c) is unknown. Thus there
are two unknown parameters: the rate of increase
in mean trip duration p, and the number of years
before the maximum mean trip duration is reached
¢ (or equivalently the maximum mean trip duration
M,). In this situation there is no optimal test statis-
tic to employ, given that a test would be required
for each year from the first post-impact year.

A possible approach is to employ a test that
jointly uses the difference and slope tests defined
above. In the period of increasing means it might
be expected that the slope statistic would be more
likely to detect change, and thereafter the difference
statistic would be more likely to detect change. This
involves computing both the difference and slope
statistics for step and trend changes and declaring
evidence of change if at least one of these is signifi-
cant. Unlike the tests for slope and difference indi-
vidually where power is determined analytically,
the power of the joint test can only be determined
by simulation. In addition, determining a Type I
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error rate of o for a joint test requires that the indi-
vidual tests are assigned critical values that are less
than a.

Power analysis scenarios

Power analyses were conducted for a range of
possible impact and monitoring scenarios.

With regard to impact scenarios, an effect size of
a 25% increase from the pre-impact baseline mean
was chosen as a level that may feasibly occur and
is likely to be biologically important. Foraging trip
durations have been recorded at this level during
some years at Béchervaise Island, and were asso-
ciated with significant breeding failure (Clarke et
al., 2002). Given this effect size, power analyses
were undertaken when (i) the effect size is reached
immediately after an impact and thereafter remains
constant (step change), (ii) the effect size is reached
after 10 years of a gradual linear increase (2.26%
increase per year), and thereafter remains constant
(ramp change), and (iii) the effect size is reached
after 30 years (0.75% increase per year; trend
change), to simulate scenarios where an impact,
such as fishing, may occur suddenly at high levels
or trend up to high levels at different rates (analo-
gous to pulse and press impacts respectively as
described in the environmental literature (Bender
et al., 1984; Underwood, 1991)).

With regard to monitoring scenarios, analyses
were undertaken for a varying number of years
of post-impact monitoring (1-10, 15, 20, 25, 30),
and with and without ice cover as a covariate.
Power calculations were undertaken using the dif-
ference, slope and joint tests for o levels of 0.05,
0.10 and 0.20, and were based on one-tailed tests.
Each of the three tests was applied for each of the
three types of change scenarios, because in the real
monitoring situation the form of change would not
be known in advance of an impact and may not
become apparent for many years after the impact,
but there would be a need to test for change using
a specific statistic immediately after the impact
occurs. To achieve these Type I error rates for the
joint test it was necessary to set lower levels of a for
the individual tests, given that a significant result
occurs if at least one of these tests was significant. It
was established through trial and error that o had
to be set at 0.03, 0.06 and 0.12 for individual tests
to obtain, for the joint test, a Type I probability of
approximately 0.05, 0.10 and 0.20 respectively that
at least one test would provide a significant result
when there is no change between pre- and post-
impact years.
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Note that power analysis for the joint test was
undertaken using simulation, whereas analytic cal-
culation was employed for power analysis based
on the individual tests. The simulation was under-
taken using the R statistical computing package
with each estimate of power based on 5 000 simu-
lations.

Data collection

Foraging trip duration data were collected by
means of an automated penguin monitoring sys-
tem (APMS) which automatically recorded the
time that uniquely tagged individuals departed
from, and arrived at, their breeding colony when
undertaking foraging trips. The APMS and tag-
implantation methods are described in detail in
Kerry et al. (1993a) and Clarke and Kerry (1998).
Once individuals had been tagged, trip durations
were measured for the same individual over sev-
eral successive years while it continued to breed
in the same colony. Penguins were sexed when
originally tagged using the methods described by
Sladen (1978). Membership of breeding pairs was
determined by scanning incubating penguins at
each occupied nest in the colony at two points in
time during the breeding period when primarily
only males, then females, were present (Kerry et
al., 1993b). Trip durations of breeding penguins
provisioning chicks were extracted from the APMS
dataset as described in Clarke et al. (1998, 2002,
2006). The number of pairs, penguins and trips for
which data were obtained across the 12 years ranged
from 77-131 (median 95) and 138-247 (median 168)
to 384-3437 (median 1715) respectively.

Ice data were derived from the National Snow
and Ice Data Center (Comiso, 1990, updated cur-
rent year) found at www.nsidc.org/data/nsidc-
0002.html, and collated as percentage ice cover in
a 100 x 100 km square north of the colony averaged
over all days in January each year.

Results
Variance estimation

Estimated variance components for year, pair,
penguin and trip are shown in Table 1. Trip dura-
tion showed the greatest variability, followed by
penguin, pair and year. Variability among trips and
penguins was greater in the créche stage than in
the guard stage, but variability among years was
greater in the guard stage.

Effect on variance of varying the number
of penguins and trips

In a monitoring program, the primary vari-
ables under the control of the investigator are the
number of penguins and trips sampled. Increasing
the numbers of penguins and trips will improve
the precision of yearly mean estimates, but it is
the between-year variance component that is most
important and that ultimately determines the abil-
ity to detect any systematic change from natural
variation. Table 2 shows how the precision of yearly
mean trip duration estimates is improved (i.e. vari-
ance is reduced) as the numbers of penguins and/
or trips per penguin are increased. The patterns are
generally similar for the guard and créche stages.
The inclusion of penguins that make only one or
two trips substantially increases the variance of
the yearly mean, but using more than three trips
per penguin only marginally reduces the variance.
Given data from three trips per penguin, increasing
the number of penguins from 30 to 50 results in a
small reduction in variance, but a further increase
in sample size beyond 50 penguins returns only
very marginal improvement. All results reported
below are for sample sizes of 30 penguins and three
trips per penguin.

Power in relation to impact
and monitoring scenarios

Figure 1 compares the power of tests based on
the difference, slope and joint statistics to detect
step, ramp and trend changes in the guard and
créche stages. There was generally close agree-
ment, for all types of change, between the power of
tests based on the difference statistic and the joint
test based on both statistics, although the test based
on difference was slightly more powerful than the
joint test with a step change. It might be expected
that the joint test, which utilises both the difference
statistic and the slope statistic, would strengthen
the detection of a trend while continuing to have
power to detect a step change. The reason this is not
the case lies in the fact that the Type I error rate for
each individual test must be reduced to ensure that
the nominated Type I error rate is maintained for
the joint test. Hence there is a lower chance for the
individual statistics to detect change in the area in
which they are superior. There is no scenario under
which the slope test proves substantially superior,
and for the trend and ramp scenarios it has much
lower power than the other tests.

Power to detect an increase in foraging trip
duration using only the difference statistic for
selected impact and monitoring scenarios is shown
in Figure 2. The most obvious finding is that a
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gradual trending increase of 0.75% per year over
30 years (i.e. 25% increase after 30 years) is, in prac-
tical terms, almost impossible to detect in that time
frame, with the probability of detection exceed-
ing 0.80 only in the single case of 30 years of moni-
toring during the creche period with a Type I error
rate of 0.20. A step increase of 25% is, as one would
expect, much easier to detect, but even in this case
detecting a change is not always easy and depends
largely on the Type I error rate one is willing to
accept; for example setting the chance of a Type 1
error to 0.05 means that it would take 10-15 years to
detect a change with probability >0.80 for the creche
and guard stages respectively, whereas if one were
willing to relax the Type I error rate to 0.20, changes
could be detected with probability 0.80 in three to
four years. If an impact caused a ramp increase of
the magnitude and rate investigated and the dif-
ference statistic was used to test for a change, one
would have to accept a Type I error rate of 0.20 and
monitor for up to 10-15 years after the impact to
detect a change with >0.80 probability.

Ice cover as a covariate

The mean percentage ice cover in a 100 x 100 km
square offshore from the colony during January was
an important explanatory variable for the guard
stage but not for the créche stage. The year variance
component during the guard stage was reduced by
approximately 30% when percentage ice cover was
fitted as a linear predictor. This improvement in
the capability of tests to detect systematic change is
illustrated in Figure 3, which shows that a power of
0.80 is reached after 10 years of post-impact moni-
toring when ice is considered as a covariate com-
pared with 15 years when ice is not considered.

Discussion

One of the difficulties in a real monitoring sit-
uation is that the form of change that may occur
due to an impact is unknown prior to the impact
occurring, and may not become apparent until
many years after the impact has occurred. This can
present difficulties in developing and applying an
appropriate or optimal test. The issue of uncertainty
in the form of change to be tested has not been well
addressed in the environmental monitoring litera-
ture. This study indicates that, of the difference,
slope and joint tests investigated, the difference
test performs best over a wide range of scenarios.
A recommendation from this study is that the dif-
ference test be used in preference to slope and joint
tests in any future testing of change.
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An important result that emerges from the
modelling and power analysis of Adélie penguin
foraging trip duration data is that the high level
of between-year variability, naturally present for
this parameter at Béchervaise Island, makes detec-
tion of systematic change over a short period of
time very unlikely unless one is willing to relax
the Type I error rate to well above the traditional
level of 5%. Indeed, if prevention of change is to
be achieved within the time frame of two to three
decades specified in Article 2 of the CAMLR
Convention (CCAMLR, 2004), then there may be
no option but to accept Type I error rates substan-
tially greater than traditional levels. This would be
consistent with an increased questioning of the use
of the 5% significance level for null hypothesis tests
in environmental monitoring (e.g. Millard, 1987;
Fairweather, 1991; Peterson, 1993; Skalski, 1995).
Implicit in the traditional convention is the assump-
tion that Type I errors are more important than
Type II errors, whereas many authors argue that
in the field of environmental monitoring and man-
agement the opposite is in fact the case, because the
failure to detect a real change may have catastrophic
environmental and remedial costs that far outweigh
the cost of investigating an occasional false alarm
(Peterson, 1993; Gibbs et al., 1999). Millard (1987)
and Keough and Mapstone (1997) recommend an
alternative approach in which the costs (financial,
environmental and /or social) of making Type I and
Type Il errors are quantified and the levels for each
type of error are balanced to reflect these costs. An
important outcome of this study is that it focuses
attention on the interaction and balance between
Type I and Type II errors. Making a decision on
where the balance lies however, is a policy exercise
rather than a statistical one.

Associated with the finding of high between-
year variation is the consequence that a strategy
of increasing the number of penguins and/or trips
sampled each year to improve power is increas-
ingly ineffective beyond reasonably low levels.
For Adélie penguins at Béchervaise Island, the
gain rapidly diminishes beyond sample sizes of
30 penguins and three trips per penguin. The origi-
nal (still current) recommended sampling regime
for CEMP parameter A5 (duration of foraging trips)
is to calculate bird means of multiple trips through-
out chick rearing from 20 or more penguin pairs
(CCAMLR, 2003). This sampling regime makes no
recommendation on the number of trips per bird.
The results presented here indicate that this origi-
nal recommendation, which was based on very
limited knowledge of between-year variability, is
reasonable but somewhat low for Adélie penguins
at Béchervaise Island. Analysis of other long-term
datasets that have resulted from the application
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of CEMP over the past one to two decades would
allow an assessment of whether the specific results
reported here apply more generally to other sites
and species.

Sample sizes employed at Béchervaise Island
for the monitoring of foraging trip duration since
CEMP commenced there in 1990/91 have been
much higher than 30 penguins and/or three trips
per penguin (see ‘Methods’). While these large
sample sizes have been useful for gaining an under-
standing of the ecology of foraging behaviour, they
would not be effective in improving the power to
detect a future systematic change due to a krill
fishery or any other impact. It would be possible to
reduce the number of penguins sampled in future
monitoring without any deleterious effect on the
power to detect a change, provided a minimum of
three trips is measured for each bird.

It was hoped that a strategy of including
covariates in the statistical model might increase
the power to detect change by explaining a propor-
tion of the between-year variability, and this was
confirmed for the covariate ice cover in the guard
stage. However, this strategy is not recommended,
despite some gain in statistical power, because the
covariate of ice cover is unlikely to be independent
of the change that monitoring is trying to detect.
For example, decreasing ice cover may increase the
accessibility of locations to fishing, or may impact
directly on krill availability by decreasing the
extent of krill habitat. If these relationships exist,
adjusting foraging trip duration for changes in ice
cover may hinder interpretation by camouflaging
detection of real change in foraging trip duration.

The results of this study emphasise the trade-
off that exists in using a highly “sensitive” indicator
to detect change if that indicator, by the nature of
its sensitivity, has a high degree of inherent natu-
ral variation. Thus, while foraging trip duration is
considered sensitive to changes in food availabil-
ity on time scales of days to weeks (Croxall et al.,
1988; CCAMLR, 2003), this trait may have so much
associated natural variation that it may take sev-
eral years to confidently distinguish a systematic
change from the noise of natural variability.

Although the power analyses carried out in
this study pertain to a single index within a multi-
parameter monitoring program at Béchervaise
Island, the general findings are relevant to any sin-
gle or combined index that shows a high degree of
inherent natural variation. Understanding the vari-
ability and power associated with each component
of a combined index is important in the context of

detection of change, both from an interpretive point
of view and as an adjunct to managing ambiguities
resulting from missing data.

Conclusions

The high level of between-year variability in
foraging trip duration that is naturally present
at Béchervaise Island limits the power to detect
systematic change over short time periods unless
one is willing to relax the Type I error rate to well
above the traditional level of 5%. Future popula-
tion modelling is required to ascertain the demo-
graphic effects of detectable increases in foraging
trip duration, given reasonable correlations with
fecundity and/or survival. This will determine
whether such effect sizes are of sufficient magni-
tude to be useful in the context of Article 2 of the
CAMLR Convention, i.e. prevention of changes or
minimisation of the risk of changes in the marine
ecosystem which are not potentially reversible
over two or three decades (CCAMLR, 2004). If sig-
nificant change is not detectable within this time
frame, then risk analysis rather than data-driven
processes will be required to enable decisions to be
made at the management level.
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tal designs for detecting human environmental

Table1:  Variance components in the guard and créche
stages, with percentage of total variance in brackets,
estimated from pre-impact data.

Stage Component
Season Pair Penguin Trip
Guard 0.038 (8)  0.039 (8) 0.118 (24) 0.289 (60)
Creche 0.023 (2) - 0.131 (14) 0.772 (83)

Table 2:  Estimated variances and percentage reduction in variance (in brackets) as the number of
penguins and number of trips per penguin are increased above a minimal combination
of 10 penguins making one trip each. Results are based on calculation of variances as
described in the text plus the variance component estimates in Table 1.

Stage Number of Number of trips
penguins 1 2 3 4 8

Guard 10 0.087 (0) 0.072 (17) 0.067 (22) 0.065 (25) 0.061 (29)
30 0.054 (37) 0.049 (43) 0.048 (45) 0.047 (46) 0.046 (47)

50 0.048 (45) 0.045 (48) 0.044 (49) 0.043 (50) 0.043 (51)

70 0.045 (48) 0.043 (50) 0.042 (51) 0.042 (52) 0.041 (52)

100 0.043 (50) 0.041 (52) 0.041 (53) 0.041 (53) 0.040 (53)

Creche 10 0.113 (0) 0.075 (34) 0.062 (45) 0.055 (51) 0.046 (60)
30 0.053 (53) 0.040 (64) 0.036 (68) 0.034 (70) 0.031 (73)

50 0.041 (64) 0.033 (71) 0.031 (73) 0.029 (74) 0.028 (76)

70 0.036 (68) 0.030 (73) 0.029 (75) 0.028 (76) 0.026 (77)

100 0.032 (72) 0.028 (75) 0.027 (76) 0.026 (77) 0.025 (78)
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Figure 1:  Probability of detecting a systematic increase in average foraging trip duration under

a number of impact (step, ramp and trend increases of 25%) and monitoring (1-10,
15, 20, 25 and 30 years of post-impact monitoring; Type I error rate of 0.05) scenarios
for the guard and créche stages, given 12 years of pre-impact baseline data and using
difference (M), slope (A) and joint (O) statistics. The dashed horizontal line indicates
power = 0.80.
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Probability of detecting a systematic increase in average foraging trip duration under a
number of impact (step (), ramp (O) and trend (A) increases of 25%) and monitoring
(1-10, 15, 20, 25 and 30 years of post-impact monitoring; Type I error rates of 0.05,
0.10 and 0.20) scenarios for the guard and créeche stages, given 12 years of pre-impact
baseline data and using the difference statistic. The dashed horizontal line indicates
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Figure3:  Probability of detecting a step increase of 25% in foraging trip duration during the
guard stage without ice (ll) and with ice (0J) as a covariate, given 12 years of pre-
impact baseline data. Tests are one-tailed with o = 0.05, and power is calculated
using the difference statistic. The dashed horizontal line indicates power = 0.80.
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Estimation des variances et, entre parentheses, du pourcentage de réduction de la variance lorsque le
nombre de manchots et le nombre de sorties par manchot sont augmentés au-dela d"un nombre minimal
combiné de 10 manchots effectuant une sortie chacun. Les résultats sont fondés sur le calcul des variances
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o =0.05 et la puissance est calculée au moyen des statistiques de différence. La ligne horizontale pointillée
indique une puissance = 0,80.
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¢ a = 0.05; BEpOSATHOCTh PACCYUTHIBACTCS MO CTATHCTHYECKOMY MOKA3aTeN0 pa3HHIbL. [IyHKTUpHAs
TOPU30HTAJIbHAS JIMHUA MTOKa3biBaeT ypoBeHb = ().80.

Lista de las tablas

Componentes de la varianza en las etapas de cria y de guarderia, indicdndose entre paréntesis el
porcentaje de la varianza total estimado a partir de los datos antes del impacto.

Estimaciones de la varianza y porcentaje de reduccién de la misma (entre paréntesis) a medida que
aumenta el nimero de pingiiinos y de los viajes de alimentacion por pingiiino, por sobre una combinacién
minima de 10 pingiiinos con un viaje de alimentacién cada uno. Los resultados se basan en los célculos de
la varianza descritos en el texto mds las estimaciones de los componentes de la varianza de la tabla 1.

Lista de las figuras

Probabilidad de deteccién de un aumento sistemético de la duracién promedio de los viajes de
alimentacién bajo varias condiciones relativas al impacto (un aumento de 25% en el intervalo, la tendencia
y larampa) y al seguimiento (1-10, 15, 20, 25y 30 afios de seguimiento tras el impacto; suponiendo que la
tasa del error Tipo I es igual a 0.05), tanto para la etapa de cria como de guarderia, con datos recopilados
durante 12 afios antes del impacto para la linea de base y utilizando las pruebas estadisticas basadas en la
diferencia (M), en la pendiente (A) y en ambas (O). La linea entrecortada horizontal indica una potencia
de =0.80.

Probabilidad de deteccién de un aumento sistemdtico de la duracién promedio de los viajes de
alimentacién bajo varias condiciones relativas al impacto (un aumento de 25% en el intervalo (), la
rampa (QO) y la tendencia (A) y al seguimiento (1-10, 15, 20, 25 y 30 afios de seguimiento tras el impacto;
suponiendo tasas del error Tipo I igual a 0.05, 0.10 y 0.20), tanto para la etapa de cria como de guarderia,
con datos recopilados durante 12 afios antes del impacto para la linea de base y utilizando la prueba
estadistica basada en la diferencia. La linea entrecortada horizontal indica una potencia de = 0.80.

Probabilidad de detectar un aumento de 25% (en forma de intervalo) de la duracién de los viajes de
alimentacién durante la etapa de cria, con (l) y sin (OJ) el factor hielo como covariante, con datos
recopilados durante 12 afios antes del impacto para la linea de base. Las pruebas son con un extremo (o
unilaterales) con un valor de a = 0.05, y la potencia se calcula mediante la prueba estadistica basada en
la diferencia. La linea entrecortada horizontal indica una potencia de = 0.80.
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