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Sensitivity analysis identifies high influence sites for estimates of

penguin krill consumption on the Antarctic Peninsula
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Abstract: Krill consumption by natural predators represents a critical link between surveys and models of
standing krill biomass and the design of a sustainable krill fishery for the Scotia Sea. Antarctic krill
(Euphausia superba) is a significant component of diet for penguins breeding in this region and, consequently,
uncertainties regarding penguin population abundances contribute to uncertainties in krill predation estimates.
We use a comprehensive database of Antarctic penguin abundances to identify 14 breeding colonies that
contribute most significantly to uncertainty regarding the total number of pygoscelid penguins breeding in this
region. We find that a high quality survey of Zavodovski Island alone would decrease uncertainty in total
population by 24.8%, whereas high quality surveys of all 14 “high-influence” locations would decrease
uncertainty by almost 72%. Updated population estimates at these sites should be considered top priority for
future fieldwork in the region. Our results are based on a robust quantitative method for assessing data
priorities in estimating krill consumption that is easily extended to other groups of krill predators.
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Introduction

The standing biomass and spatiotemporal dynamics of
Antarctic krill (Euphausia superba Dana) is a major focus
of Antarctic research, with considerable effort focused on
modelling rates of krill consumption by Antarctic
predators. In 2004, the Commission for the Conservation
of Antarctic Marine Living Resources (CCAMLR) tasked a
sub-group of the Working Group on Ecosystem Monitoring
and Management (WG-EMM) to determine what was
currently known about populations of Antarctic krill
predators breeding in the Antarctic (Southwell et al.
2009). In 2008, a workshop was held in Hobart, Australia
with the aim of initiating an effort to: 1) consider
procedures for deriving abundance estimates for priority
land-based predator species in the south-west Atlantic
region between 70°W and 30°W, 2) examine available
existing datasets to determine the degree to which
minimum data requirements are met, and identify
inadequacies or gaps in existing data, and 3) identify and
prioritize gaps in existing data as a basis for assessing
whether, where and how any future survey work would be
conducted. Pursuant to these objectives, a comprehensive
database of penguin breeding locations and abundances
was created by the task group (Southwell ef al. 2009). This
database contained, for each snow-free coastal area in Food
and Agricultural Organization (FAO) Statistical Area 48
either known to host breeding penguins or confirmed as
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devoid of breeding penguins, the following information: the
most current census data (including confirmed absences)
and, where appropriate, derived population estimates, along
with ancillary information pertaining to the date of last
census, the object counted (e.g. occupied nests, adults, etc.),
census precision, and the method of census (e.g. count of
individuals from the ground etc.). We used this database to
identify those locations that contribute most significantly
to uncertainty in estimates of the total breeding penguin
population for FAO Statistical Area 48, which includes the
Antarctic Peninsula and the South Shetland Islands
(Subarea 48.1), the South Orkney Islands (Subarea 48.2),
South Georgia (Subarea 48.3) and the South Sandwich
Islands (Subarea 48.4) (Fig. 1). Area 48 is one area in
which the Antarctic krill fishery operates and where there is
the greatest potential for resource overlap between the
fishery and krill-dependent predators such as penguins. We
considered breeding populations of all three species of
Pygoscelis penguin (gentoo penguins (Pygoscelis papua
Forster), Adélie penguins (P. adeliae (Hombron &
Jacquinot)), and chinstrap penguins (P. antarctica
Forster)). Macaroni penguins (Eudyptes chrysolophus
Brandt) are also important consumers of krill, however,
their population in Area 48 occurs largely at South Georgia
where the population has been reviewed recently by
Trathan et al. (2012). Elsewhere in Area 48 macaroni
penguin colonies are relatively small and so were not
considered in our analysis.

IP address: 194.66.0.116


http://journals.cambridge.org

20 HEATHER J. LYNCH et al.

South Orkney Islands /
CCAMLR Area 48.2

South Sandwich Islands /
CCAMLR Area 48.4

.Za\rod ovski Island
5 f _Candlemass Island|

S

Vindication |sland
Saunders Island
L3

i
Sandefjord Bay
a
0@
CCAMLR Area 48.1 & o
O
d &
2 Ly
52°W
orth Foreland
False Round Poinf™
Pottinger Point
Kellick Island 54°W
Tartar Point 1

e, ’
D =
)N Baily Head |
5 @ =2
) 4
Cape Wallace % :
m &y a o
Cape Wallace Bluff (South) ANy
Cape Gyl Tng
& £ 3
64°W 62°W

Fig. 1. Study area. Map of the 14 high-influence breeding
locations within CCAMLR Area 48. Note that Area 48.3 is
not shown.

Methods

Three pieces of information were included for each site in
the database: 1) the population estimate (number of
breeding pairs), 2) the uncertainty of the census, and
3) the year of the most recent census. Census uncertainty
was defined by the commonly adopted and widely accepted
five-point scale used by earlier authors (e.g. Croxall &
Kirkwood 1979, Woehler 1993, Naveen & Lynch 2011;
note that in our analysis the upper bound for N3 has been
increased from 15% to 25% to ensure continuity):

N(C)1 Nests (chicks) individually counted, accurate to
better than +5%

N(C)2 Nests (chicks) individually counted, accurate to
5-10%

N(C)3 Accurate estimate of nests (chicks), accurate to
10-25%

N(C)4 Rough estimate of nests (chicks), accurate to
25-50%
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Table 1. Penguin breeding sites for which no complete population
estimates were available. “Depot islet” is an unofficial name.

Site name Latitude Longitude
Atriceps Island 60.76° 45.15°
Auguste Island 64.05° 61.62°
Beagle Island 63.42° 54.67°
Bernardo O’Higgins Station 63.32° 57.90°
Bruce Island 60.68° 44.90°
Bryde Island 64.87° 63.03°
Cape Belsham 61.08° 54.88°
Cape Lookout 61.27° 55.20°
Cape Murray 64.35° 61.61°
Carlota Cove 62.37° 59.69°
Christoffersen Island 60.73° 45.03°
Cockburn Island 64.20° 56.83°
Cone Island 67.69° 69.16°
Cape Hansen, Coronation Island 60.66° 45.59°
Other localities, Coronation Island 60.67° 45.44°
Depot islet 66.38° 65.92°
Dundee Island 63.44° 56.17°
Etna Island 63.09° 55.16°
Gibson Bay 63.30° 55.84°
Gourdin Island 63.20° 57.30°
Hennequin Point 62.12° 58.40°
Hermit Island 64.80° 64.03°
Hovgaard Island 65.13° 64.12°
Jenny Island 67.71° 68.44°
Jorge Island 62.34° 59.71°
Laurie Island 60.77° 44.60°
Meier Point 60.64° 45.90°
Nancy Rock 62.23° 59.09°
Nansen Island 64.57° 62.10°
Nigg Rock 60.71° 44.83°
Peine Island 63.40° 54.70°
Pirie Peninsula 60.70° 44.65°
Plato Island 63.43° 54.67°
Point Martin 60.77° 44.68°
Rip Point 62.22° 59.03°
Saddle Island 60.61° 44.82°
Spine Island 60.60° 46.03°
Sprightly Island vicinity 64.30° 61.05°
Theodolite Hill 63.48° 57.58°
Un-named island north of Dee Island 62.52° 59.78°
Weddell Island 60.63° 44.82°
Wide Open Islands 63.00° 55.83°
Withen Island 62.26° 59.14°

N(C)5 Estimate of nests (chicks) to nearest order of
magnitude

Our analysis involved a stochastic simulation in which
the current penguin population at each site was drawn from
a random distribution based on available information. An
ensemble of these random draws resulted in a statistical
distribution reflecting the accumulation of all pertinent
sources of uncertainty. The simulation involved six stages.
We illustrate this here using an N2 count of penguins in
1995. Note that for clarity, all stochastically drawn variables
are capitalized and given the index i to emphasize that the
entire process is repeated to build a distribution that informs
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Table II. High leverage sites identified by our analysis, ranked by the p-value associated with Levene’s test as applied to the population variance before
and after updating a site’s counts (see text). Results from the randomization test are also included for comparison.

Rank Location Individual contribution Levene’s test p-value from Cumulative
(lat, long) (% of total uncertainty) F value (p-value) randomization test percentage

1 Zavodovski Island 24.8% 3390.7 (< 0.001) < 0.001 24.8%
(56.30°, 27.57°)

2 Sandefjord Bay 9.6% 472.4 (< 0.001) < 0.001 37.2%
(60.62°, 46.05°)

3 Cape Wallace 6.4% 184.9 (< 0.001) < 0.001 48.2%
(63.23°, 62.23°)

4 Pottinger Point 3.3% 47.2 (< 0.001) < 0.001 53.6%
(61.94°, 58.35°)

5 Cape Garry 2.9% 39.7 (< 0.001) < 0.001 59.8%
(63.34°, 62.23°)

6 False Round Point 2.4% 26.0 (< 0.001) < 0.001 65.4%
(61.90°, 57.99°)

7 Kellick Island 1.4% 13.0 (< 0.001) 0.001 65.9%
(61.92°, 58.39°)

8 Cape Wallace Bluff (south) 1.3% 12.0 (0.001) 0.001 67.9%
(63.23°, 62.23°)

9 Candlemass Island 1.5% 9.5 (0.002) < 0.001 69.3%
(57.08°, 26.67°)

10 Tartar Point 1 1.1% 6.1 (0.013) 0.007 69.6%
(61.93°, 58.43°)

11 North Foreland 0.9% 3.8 (0.051) 0.016 69.9%
(61.89°, 57.68°)

12 Baily Head 0.9% 3.0 (0.082) 0.025 70.6%
(62.96°, 60.50°)

13 Saunders Island 0.8% 2.1 (0.151) 0.037 71.4%
(57.78°, 26.47°)

14 Vindication Island 0.7% 1.7 (0.186) 0.041 71.5%

(57.10°, 26.79°)

us as to the variability in the population estimates. The
simulation procedure was as follows:

1. Draw a fractional error for the original census. Using
our example of an N2 count in 1995/96, we would
draw a number (E’) from the uniform distribution
Unif(0.05,0.10) to represent the assumed uncertainty
of the original count, i.e.

E'~Unif (0.05,0.10)

2. Draw a count for the true population size (C!_ ) at the
time of the most recent census (in this case, 1995/96), i.e.

i

2
,. E
Ctrue ~N Coriginal 5 7 Cor[ginal 5

Where C,ginas is the actual census count and we have
assumed that E' represents two standard deviations.

3. To extrapolate from the date of the original count to
the present, we used species-specific estimates of the
annual population multiplier (Ry,) (1+annual rate of
change £ 1 standard error) from Lynch er al

. Updated counts (C!

change. For each year ¢ since the last census, we draw
a rate of population change R*’ from this distribution:

i, 2
R™ ~ N(Ryp. 2).

. We extrapolate from the date of original census to the

2011/12 season using
Clixpdated = C:rue x HtRi’t’

where ¢ includes each year between 2011/12 and the
season of the original count (in our example, 1995/96).

updatea) TOT €ach of the N sites in the
database are summed to arrive at an estimate of the
total penguin population for that iteration (P*):

N
i __ i
P = Z Cupdated'
J=1

. Steps 1-5 were repeated 50000 times to construct

distributions for P’ and Clitpdated denoted P and

Cupdated .

(2012a) (0.989 + 0.008 (chinstrap), 0.966 + 0.013
(Adélie), 1.024 + 0.003 (gentoo)). These represent
the best available estimates of regional population
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Sites contributed significantly to variance in P (i.e.
uncertainty in the total population of pygoscelid penguins)
for one or more of three reasons: 1) large breeding
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population, 2) only low precision estimates were available,
or 3) the most recent population estimate was old. We
weighted each species equally in our analysis, although
data on krill consumption (and associated uncertainties)
could be easily integrated as they become available.

A total of 30 sites were selected for consideration based
on the absolute width of their C,,441.q4 distributions. We
compared variance of P using the original data (P, iginar)
with the variance of P when a given site’s census precision
and dates were modified to a high quality count (N1) in
the 2011/12 field season (P,pdareq)- Sites were considered
“high influence” if the variance ratio VR = var(Py,;ginas)/
var(Py,qarea) Was statistically significant. The distributions
of P were marginally non-normal due to heavy tails, and
therefore we used two tests of the variance ratio robust to
non-normality. The first approach was to use Levene’s test
(centred at the 5% trimmed mean; function ‘levene.test’ in
the R package ‘car’ (Fox & Weisberg 2011)) to test for
equality of variances (Brown & Forsythe 1974). The
second approach was a non-parametric randomization test
in which VR was compared against the same statistic
(VR¥*) calculated for 999 trials in which group membership
for each population estimate P (i.e. belonging to P,;gjnas OF
t0 P,pdared) Was randomly assigned. Using a one-tailed test,
a p-value was assigned based on the fraction of
randomization trials in which VR* > VR. If only a small
number of VR* were larger than VR, this indicated that a
variance ratio as large as VR was unlikely to have occurred
by random chance. While recognizing the limitations
inherent to such hypothesis tests (e.g. Cohen 1994), we
inferred the relative importance of different sites by their
before-updating vs after-updating variance ratios (VR) and
used P =0.05 as an arbitrary but widely used cut-off for
statistical significance.

It should be noted that all data available up to 31
December 2011 were used for this analysis. Several key
censuses have been completed recently, but data were not
available at the time of this analysis. These are addressed in
the Discussion.

Results

The total number of pygoscelid penguins in this region is
estimated to be 5.2 £ 0.5 (mean + 2s.e.) million breeding
pairs, constituting over 84% of all the krill consuming
penguins breeding in this region. This estimate is probably
an underestimate, as we know of 43 breeding colonies
(Table I) for which no estimates are available, some of
which are known to have significant penguin populations.

Fourteen sites were identified as having high influence
on total penguin population (Table II, Fig. 1), including
four sites that were marginally insignificant according to
Levene’s test but were significant (P <<0.05) using the
randomization test. By far the most critical site for future
census work was Zavodovski Island, in the South Sandwich

CAMBRIDGE JOURMNALS

http://journals.cambridge.org Downloaded: 19 Feb 2013

Islands (Subarea 48.4, Fig. 1) which contains (at last
estimate) 1.5 million chinstrap penguins. The number of
chinstrap penguins breeding on this island represents
c. 30% of the global population and most recent
estimates stem from Convey et al.’s survey work in 1997
and 1998 (Convey ef al. 1999). A high quality (N1) census
of Zavodovski Island would decrease uncertainty in the
total penguin population by 24.8%. The next twelve sites
contributed a smaller proportion of the total uncertainty,
from 9.6% (Sandefjord Bay) to only 0.7% (Vindication
Island). Updated high quality (N1) censuses for all 14 top
priority sites decreased uncertainty in total penguin
population by 71.5%.

Discussion

Historically, logistical challenges have limited most penguin
census work in Area 48 to either carefully studied but
geographically limited populations adjacent to research
stations or other permanent establishments (e.g. Fraser &
Patterson 1997, Trathan et al. 2008, Carlini et al. 2009), and
vessel-based opportunistic census work that is geographically
extensive but not targeted to specific populations (e.g. Poncet
& Poncet 1987, Naveen ef al. 2000, Lynch et al. 2008,
2012a). By synthesizing a single database of all available
penguin census records, we are able to identify those penguin
colonies that are contributing most significantly to
uncertainties surrounding the total population of penguins
in the region, and subsequently, to estimates of natural
predation of krill by penguins. Our analysis has shown the
disproportionate impact that a small set of sites can have on
overall uncertainties. These sites should be considered top
priority for future census work. In fact, recent censuses
of the South Sandwich Islands (including Zavodovski Island,
Candlemass Island, Saunders Island, and Vindication Island)
and of Deception Island (including Baily Head) were
designed to address some of these concerns. These results
however, were not available at the time of the analysis.
Recent work demonstrating the utility of high-resolution
commercial satellite imagery for quantitative penguin
population estimates (Fretwell & Trathan 2009, Fretwell
et al. 2012, Lynch et al. 2012b) offers a promising alternative
to field studies and is one of the viable options for updating
site-wide population estimates for the locations highlighted in
Tables I & 1I.

Our analysis addressed uncertainties in the total population
of penguins breeding in Area 48. A more direct estimate of
uncertainties in krill predation will require more data on
interspecific differences in per-capita krill consumption,
which themselves may vary spatially and/or interannually.
Our modelling approach is easily extended to include these
differences and associated uncertainties. Despite its
limitations, our analysis is the first to quantify the impact
of census uncertainties on regional population estimates.
Future efforts will focus on cross-taxa comparisons to
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quantify the relative contribution to total krill consumption of
each major krill predator in this region.
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