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INTRODUCTION

The ability of marine animals to forage is often con-
strained by the physical characteristics of the envi-
ronment. For example, temperature (reptiles, e.g.
Vitousek et al. 2007), depth (whales, e.g. Thode et al.
2002) and light (visual hunters, e.g. Wanless et al.
1999) enhance or compromise foraging ability. Al-
though penguins are considered to be restricted in
the maximum depth they can achieve for physiologi-
cal reasons (Williams 1995), light has also been cited
as being important (Wilson et al. 1989, 1993, Pütz &
Bost 1994, Kooyman & Kooyman 1995, Kirkwood &
Robertson 1997a, Wienecke & Robertson 1997, Can-
nell & Cullen 1998, Peters et al. 1998, Pütz et al. 1998,

Luna-Jorquera & Culik 1999, Bost et al. 2002) since
these birds are reputed to hunt by vision. Indeed,
there are a number of studies that appear to show
that the maximum dive depth achieved by penguins
in the wild is often limited by the availability of light
(e.g. Wilson et al. 1993, Pütz & Bost 1994, Cannell &
Cullen 1998, Ropert-Coudert et al. 2006). Emperor
penguins Aptenodytes forsteri are the deepest diving
of all penguin species, an ability that has been linked
to their large size (Ponganis & Kooyman 2000, Halsey
et al. 2006). If these birds are indeed limited in the
depths that they can exploit by light, it seems strange
that they, coincidently, are the largest penguin spe-
cies and forage under exceptional conditions of light.
Perhaps, however, it is the exceptional lighting condi-
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tions, illuminating greater depths down the water col-
umn, that tended to select for larger sized penguins,
because these penguins can dive deep. In fact,
emperor penguins belong to the most southerly
breeding birds (to 78° S; Woehler 1993) and forage in
exceptionally clear waters (Jerlov 1968), in areas of
light that vary from continuous daylight (with the sun
above the horizon) to just a few dimlight hours (with-
out the sun above the horizon) per 24 h cycle (Iqbal
1983).

Data in the literature suggest that emperor penguins
are indeed visual hunters seeing their prey items by
shadow theatre and that their activity patterns, partic-
ularly as related to foraging, are closely linked with the
light/dark cycle (Wilson et al. 1989, Kooyman & Kooy-
man 1995, Kirkwood & Robertson 1997b, Wienecke &
Robertson 1997).

This study focuses on the potential of light in modu-
lating the foraging ability of emperor penguins. We
examined the diurnal foraging activity of emperor pen-
guins in winter and spring and analysed the light
intensity over a whole year at Terre Adélie, Antarctica,
in order to estimate the maximum depth availability
over the breeding cycle. We consider the implications
that this has for a species that breeds and forages at
high latitude year-round, and is thus exposed to
extremes in light availability.

MATERIALS AND METHODS

Dive patterns of emperor penguins Aptenodytes
forsteri were examined for 9 emperor penguins during
winter (n = 5) and spring (n = 4) 2005 at Pointe Géolo-
gie, Terre Adélie (66° 40’ S, 140° 01’ E). In winter, 3
females and 2 males were fitted with time–depth
recorders (Mk9, Wildlife Computers, 67 × 17 × 17 mm,
30 g) and with satellite transmitters (Sirtrack, 130 × 50
× 30 mm, 230 g), while they were conducting foraging
trips between 22 May and 29 August. In spring, 4 fur-
ther birds were deployed with an archival data satellite
transmitter (Splash, Wildlife Computers, 78 × 50 ×
23 mm, 105 g), recording foraging patterns between 2
and 21 November. Devices were fixed to the lower
back feathers of penguins so as to minimize hydro-
dynamic drag (Bannasch et al. 1994) using tape (Wil-
son et al. 1997). Dive depth and light intensity were
recorded at intervals of 5 s in winter and of 2 s (depth)
and 10 s (light) in spring. Devices provided a depth
range of 0 to 1000 m. Light sensors were pre-calibrated
by Wildlife Computers, and light-level data (dimen-
sionless) ranged from ~50 (when the light sensor was
covered in a ‘bright room’) to ~180 (a ‘bright room’).
Foraging distribution and satellite positions have been
published elsewhere (see Zimmer et al. 2007b) and will

not be further described in this context. Units were
recovered after birds had been absent at sea for 1 or 2
foraging trips.

Measures for absolute solar irradiation (W m–2) and
sun angle (°) were processed for Pointe Géologie over
the year 2005 based on calculations given by Iqbal
(1983). As a measure for light intensity, at the water
surface, global radiation was used (Fig. 1a), which is
lower than the absolute solar irradiation due to extinc-
tion processes. From the Antarctic wintering station
Neumayer, it is known that global radiation, typically
varies between 40 and 80% of absolute solar irradia-
tion, depending mostly on clouds and surface albedo
(König-Langlo & Loose 2007). Since we were unable to
make any in situ global radiation measurements, we
took 50% of the absolute solar irradiation as the best
approximation of light conditions on site. Conse-
quently, the relative global radiation was estimated
here after correcting for cloud cover by dividing the
absolute irradiation by 2. The variance in impinging
light noted above indicates the extent to which our
approximations derived from models may vary from
the real values. This should not, however, detract from
showing trends, which is the purpose of this exercise.

Light availability underwater is a function of time of
day and water depth, and the ability to perceive prey
for a visual predator can be defined by a critical light
intensity that represents the lowest illumination at
which prey can be perceived (Wilson et al. 1989).
Theoretical changes in depth utilization over time by
foraging emperor penguins (Fig. 2) were estimated by
the following equation:

Lightavailable = LightIntensity × Exp(–cω × Depth) (1)

where ‘Light intensity’ is the relative global radiation
(after correcting for some cloud cover, W m–2) and cω is
the attenuation coefficient of 0.01 used for ‘non-
productive seawater’ (Type 1; very good light trans-
mission) taken from Jerlov (1968) (Fig. 1b). This calcu-
lation for available light at depth is optimistic, since we
assumed a water body of exceptional clarity. Derived
values are intended to elucidate general trends, which
may differ in magnitude according to environmental
factors, e.g. sea-ice and weather conditions (not exam-
ined in our study). We note also that we were unable to
determine the effective sensitivity of the penguin eye
to prey in the wild (cf. Martin & Young 1984, Sivak et
al. 1987, Martin 1999). We derived a ‘depth–time avail-
ability index’ (DTAI) for each day of the year by assum-
ing that emperor penguins need a critical light inten-
sity of at least 30 W m–2 in order to perceive prey (a
value derived by looking at maximum dive depths over
time in relation to modelled light availability — see
above). We note that it is appropriate to use some criti-
cal value for visual threshold and that different values
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for this threshold will change absolute values of the
depths to which emperor penguins could/should dive.
However, different values of the threshold will not
change the general form of seasonally apparent trends
in volumes of water available to emperor penguins,
and it is this that our manuscript seeks to highlight.

DTAI values integrated the depths over which pen-
guins could see prey (where light intensity >30 W m–2)
over each full day and had units of metres × hours
(m × h).

To examine the foraging activity of penguins in rela-
tion to the time of day recorded, depth data were
analysed by using special software (MT-dive; Jensen
Software). All dives >2 m were analysed sequentially
for the following parameters: time of dive initiation;
overall dive duration; maximum depth reached during
the dive; descent-, bottom- and ascent-phase dura-
tions; vertical velocities during the descent, bottom
and ascent phases; number serial points of inflection
(SPI) during the bottom phase; and post-dive interval.
For specific details of this analysis see Zimmer et al.
(2007b). As an attempt to derive a catch-per-unit effort
(CPUE) index, a measure of prey pursuit, we divided
the number of SPIs identified during the bottom phase
of all dives by the respective bottom dive duration.
Although the SPI estimates do not provide absolute
prey abundance indices, we consider an approximate
linear relationship to prey caught, so that CPUE values
(SPI min–1) should relate to the extent of prey pursuit
(cf. Kirkwood & Robertson 1997b, Luna-Jorquera &
Culik 1999, Hull 2000, Rodary et al. 2000b, Tremblay &
Cherel 2000, Takahashi et al. 2004, Zimmer et al.
2007b). The diving efficiency (DE, dimensionless) was
calculated following the equation of Ydenberg & Clark
(1989):
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Fig. 1. (a) Light intensity (global radiation estimated through cloud cover in W m–2) and (b) depth–time availability index
(DTAI, m × h), derived by an assumed critical light intensity of 30 W m–2, representing the lowest illumination at which prey
can be perceived, for local time of the day in 2005 in Terre Adélie, Antarctica (66° 40’ S, 140° 01’ E). Parameters were calculated 

weekly according to Eq. (1)
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bottom duration
DE = 

(dive duration + post-dive duration)
(2)

being expressed as a non-dimensional fraction.
Measured light intensity at depth for different sun

angles, maximum dive depth, CPUE and DE over the
day were examined per individual before being con-
verted to grand means, in order to correct for sample
size biases. Grand means are presented (± SE), if not
explained differently and were averaged per 25 m
maximum dive depth interval or per hour of the day.
Light intensity was analysed for all dives >2 m. The 3
latter dive parameters were calculated for dives with
post-dive durations of <25 min (this being delineated
by a point of inflection in the frequency of the post-
dive duration graph, cf. bout-ending criterion; Gentry
& Kooyman 1986) and the occurrence of a bottom dive
phase. Throughout the present study, time is ex-
pressed as local time, i.e. UTC + 10 h. Days of the year
are each considered to commence at 0 h. The correla-
tion of parameters was examined using simple linear
regressions. Data were normally distributed and tested
for significance by a parametric 1-way ANOVA (F).
Significance of the results was judged at the 0.05 level.
Data were processed using Excel, Origin 7.5 and
SigmaStat 3.5 software packages.

RESULTS

At Pointe Géologie, Terre Adélie, the solar radiation
was highest during the Antarctic summer on day of the
year 358, with a maximum global irradiation (esti-
mated for mean cloud cover) of 514.5 W m–2 during a
period of continuous daylight between days of the year
350 and 363 in 2005 (Fig. 1a). Light intensity and day-
light hours declined over autumn, reaching a minimum
dark period of 0 W m–2 at any hour of the day in the
Antarctic winter between days of the year 166 and 180.
The estimated DTAI showed the extent to which light
availability over the course of a year, coupled with
attenuation in the water column, might compromise
penguin foraging capacity (Fig. 1b). DTAI for foraging
penguins is highest in summer, when daylight is maxi-
mal, and lowest in winter, when light availability is
lowest.

Light intensity as recorded by devices from 4 em-
peror penguins during foraging in spring decreased
with increasing water depth until the minimum value
of 56.7 arbitrary units, recorded for a single dive
(Fig. 3). This trend was apparent at all times of the day,
although light intensity was higher at greater sun ele-
vation angles up to certain depths (Fig. 3).

The diving patterns of the penguins equipped in
winter (n = 5) and spring (n = 4) showed marked sea-

sonality, with the trend closely following the increase
in availability of ambient light between the 2 seasons
(Fig. 4). During winter, between 22 May and 29 August
2005, penguins only dived between 07:00 and 19:00 h,
with 78% of all dives conducted between 10:00 and
15:00 h (Fig. 4a,c). Dives were deepest when light was
most intense (Fig. 4a). In spring, between 2 and 21
November 2005, with almost continuous daylight, pen-
guins dived at any hour of the day (Fig. 4b,d to depths
of up to 200 m), although dives deeper than 350 m only
occurred during periods of peak light intensity,
between 05:42 and 18:03 h. Maximum depths were
reached between 12:00 and 13:00 h, and the highest
rate of dives occurred from 07:00 to 08:00 h. In spring-
foraging penguins, the overall utilisation of the water
column to maximum dive depth over the 24 h cycle
(DTAI) was more than twice that of winter-foraging
penguins (8394.5 vs. 3845.4 m × h, respectively; Fig. 5).
The estimated DTAI over the yearly cycle in 2005
showed minima and maxima during winter and sum-
mer, respectively (Fig. 6), which roughly corresponded
to the trends observed in wild penguins. We do not
expect absolute values to concur here due to our
inability to determine proper thresholds for visual acu-
ity in penguins (see above).

Since maximum depth varies over the diel cycle, it is
not very surprising to find that mean dive depth also
varies systematically and in a comparable manner
(Fig. 7). Dive efficiency showed a trend that was the
inverse of this (winter: r2 = 0.4, F = 30.09; p < 0.0001;
spring: r2 = 1.26 × 10–4, F = 0.01, p = 0.92; Fig. 8). CPUE
during winter was maximal at mid-day, dipping
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Fig. 4. Aptenodytes forsteri. Maximum dive depth (a,b) and frequency distribution of the number of dives (c,d) as a function of time
of day for dives >2 m conducted by: (a,c) 5 penguins in winter, between 22 May and 29 August 2005 (n = 19077 dives), and 

(b,d) 4 penguins in spring, between 2 and 21 November 2005 (n = 5467 dives), at Pointe Géologie, Terre Adélie
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towards dawn and dusk (Fig. 7a). In contrast, mean
CPUE during spring was highest when light levels
were lowest. Average CPUE was highly related to the
mean maximum diving depth in winter and spring
(r2 = 0.54, F = 56.09, p < 0.0001; r2 = 0.43, F = 67.43,
p < 0.0001, respectively). CPUE was, however, nega-
tively related to diving efficiency in winter (r2 = 1.15,
F = 7.89, p < 0.01), and positively, in spring (r2 = 0.09,
F = 8.57, p < 0.01).

DISCUSSION

Estimation of the availability of light as a function of
depth down the water column is complex. Although
calculation of the amount of total solar radiation
impinging on the earth’s atmosphere is relatively
straightforward, being dependent on the latitude, day
of the year and local time of day (Iqbal 1983), this light
is then modulated by filters in the atmosphere such as
cloud cover and particulate matter (Iqbal 1983). After
reaching the sea surface, the angle of impingement
(which depends on latitude, day of the year and time of
day) then determines the angle at which the light con-
tinues down the water column, due to differences in
the refractive index between air and water. Finally, for
the light travelling down the water column, the degree
of attenuation with depth depends on the extent to
which water filters out different wavelengths (Kirk
1994) and the optical properties of the water, such as
the presence of particulate matter, which varies with
depth (Jerlov 1968). The degree of particulate matter
varies with weather and biological processes, particu-
larly primary production (Jerlov 1968, Kirk 1994).

Given these complexities, it would seem unwise to
attempt to determine absolute values of light, but
rather to use simplistic models to elucidate trends, as
we have done. Actual measurement of light as a func-
tion of water depth is hardly less fraught with diffi-
culty. Simple light transducers, such as the one we
used on the penguins, respond in a general manner to
the intensity of light energy, but do not react to all
wavelengths equally and therefore give a biased view
of light availability down the water column, which
explains why the device manufacturers are imprecise
in their specifications (see ‘Materials and methods’).
Proper assessment of light extinction with depth neces-
sitates the use of complex instrumentation, which
assesses absolute energy values for all the different
wavelengths (Jerlov 1968, Kirk 1994). Ultimately
though, even such onerous procedures are of limited
value for penguins if the spectral sensitivity of the spe-
cies is not known (e.g. Martin & Young 1984, Martin
1999). Despite these misgivings, there are a number of
general trends that we can discern from our approach.

Our data show that emperor penguins Aptenodytes
forsteri have variabilities in their dive depths that
accord with the generally supposed availability of light
(Fig. 4), and our crude measures of light intensity with
depth and sun angle (Fig. 3) lend weight to this. This
strengthens findings by Kooyman & Kooyman (1995),
Kirkwood & Robertson (1997a) and Wienecke &
Robertson (1997) for this species, and suggests that
emperor penguins are typical of the Spheniscidae in
being dependent on light to be able to forage (e.g.
Cannell & Cullen 1998: little penguins; Wilson et al.
1993: king, chinstrap, Adélie, gentoo and African pen-
guins; Luna-Jorquera & Culik 1999: Humboldt pen-
guins; Peters et al. 1998: Magellanic penguins). This
has profound implications for a species that lives so far
south because of the massive changes in appropriate
foraging conditions over the course of the year (Fig. 1),
which modulate both the number of hours per day that
can be spent foraging as well as the depths at which
prey can be exploited (Figs. 6 & 7). During summer,
emperor penguins apparently may dive up to 200 m
during the entire 24 h period, whereas during winter,
foraging appears to be feasible for only a few hours
(Fig. 4). Theoretically, winter-foraging birds may in-
crease the amount of light they have for foraging by
travelling north (cf. Ancel et al. 1992, Kirkwood &
Robertson 1997b, Wienecke & Robertson 1997; our
Fig. 8). The extended foraging trips of around 70 to
80 d undertaken by females during winter should
allow them time to do this, although information on the
areas exploited by females at this time shows that
there is only limited movement north (Wienecke &
Robertson 1997, Zimmer et al. 2007b). The feasibility of
movement north as a strategy will depend on energy
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and time invested travelling (and particularly the slow
travel that involves walking over the ice), the real
increase in time and depth available for foraging
(Fig. 8) and the abundance of prey at sites farther
north. The extent to which birds forage under ice, or in
the proximity to ice (such as foraging in polynias or in
ice fissures; see Ancel et al. 1992, Kirkwood & Robert-
son 1997b, Rodary et al. 2000a) will greatly affect light
conditions.

Systematic patterns in depth use according to hour of
the day have been noted for a number of marine verte-

brates: fish (e.g. Sims et al. 2005), reptiles (e.g. Eckert
et al. 1988), mammals (e.g. Croxall et al. 1985) and
birds (e.g. Wilson et al. 1993, Bost et al. 2002), with the
normal pattern consisting of deeper dives at mid-day
than at night. This has been attributed variously to
predators needing light to perceive prey, and preda-
tors exploiting prey that conduct diel vertical migra-
tion, being nearer to the surface at night than during
the day. The primary reason for prey movement up and
down the water column is considered to relate to the
exploitation of the productive surface waters at night
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when visual predators have difficulty foraging
(McLaren 1974, Kalinowski & Witek 1980, Gliwicz
1986). Although the maximum depth boundaries over
the course of the day identified in our study (Fig. 4)
appear to represent absolute maxima beyond which
emperor penguins cannot forage, the real issue is
which depths are optimal. This will depend on the dis-
tribution of prey, given by the extent to which verti-
cally migrating prey might be located within the pen-
guins’ limits, and the foraging efficiency of the
penguins at that depth. Generally, increases in maxi-
mum dive depth result in decreases in efficiency (Zim-
mer et al. in press) because longer dives require longer
recovery periods (e.g. Butler & Jones 1997, Kooyman &
Ponganis 1998, Wilson & Quintana 2004) so it is hardly
surprising to find that penguins diving deeper as light
levels increase also become less efficient (Fig. 7). This
decrease in efficiency can be justified, however, if prey
concentrations in deeper waters are high enough. Our
data on CPUE indicate that the deep diving in winter at
least is in accord with higher prey densities (Fig. 7a).
During winter, emperor penguins feed predominantly
on Antarctic krill Euphausia superba (Kirkwood &
Robertson 1997a,b), which is bentho-pelagic during
the Antarctic winter and remains close to the seabed
on the continental shelf (Kawaguchi et al. 1986, Taki et
al. 2005); this may explain the deep diving effort with
high CPUE of foraging penguins in winter. The situa-
tion is reversed during spring, however, when CPUE
values are highest during periods when light intensity
appears to be lowest on any given day (although still
high enough to allow penguins to forage at depths of
up to 200 m; Fig. 7b). We postulate that at this time the
normal diel vertical migration of prey has been

resumed and that the higher CPUE during the darkest
hours corresponds to penguins exploiting prey that are
feeding nearer to the surface. In summer, the greatest
densities of krill are found at 0 to 70 m depth (Siegel
1985, Higginbottom & Hosie 1989, Godlewska 1993).
Moreover, the nototheniid Pleuragramma antarcticum,
probably the main fish prey of emperor penguins from
Pointe Géologie (cf. Offredo & Ridoux 1986, Cherel &
Kooyman 1998, Zimmer et al. 2007a), shows diurnal
vertical migration (Plötz et al. 2001). In the Antarctic
summer, however, this species is most abundant in the
upper 150 m of the water column during the night
(Mintenbeck et al. unpubl. data). We presume that
emperor penguins in spring feed intensively on this
prey, particularly since the energy density of
nototheniids is higher than that of both krill and squid
(cf. Zimmer et al. 2007a), and that this explains some of
the pattern that we observed. This contrasts with what
has been observed in other penguin species, where
shallower dives at night correspond to the virtual ces-
sation of feeding (Wilson et al. 1993). Indeed, based on
this, such night dives have been interpreted as repre-
senting travelling behaviour (Wilson et al. 1993).

The ability of the emperor penguin to exploit prey
throughout the diel cycle, therefore, appears to
depend on the continuous light conditions during the
summer and is enhanced by the exceptional water
clarity in Antarctica (Jerlov 1968). It is this same clar-
ity that lets greater light intensities down the water
column at mid-day, making foraging technically feasi-
ble from a sensory perspective at depths in excess of
400 m. Such depths exceed the physiological capaci-
ties of the smaller penguin species (Wilson 1995, Pon-
ganis & Kooyman 2000, Halsey et al. 2006). Indeed,
where vertical movements of prey are extensive and
the light penetration down the water column substan-
tial, we expect a strong selection pressure for pen-
guins to have a larger body mass. Thus, aside from
the thermal advantages in Antarctic penguins having
a larger body mass (Schmidt-Nielsen 1993, Ponganis
& Kooyman 2000), the particular conditions of varia-
tion in light and prey behaviour may play a role in
modulating the body size of the largest living penguin
species.
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