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ABSTRACT: Between May 2004 and May 2005, we studied the horizontal and vertical movements of
foraging Galápagos penguins Spheniscus mendiculus during their breeding season to examine space
use at sea and to compare the volume of water exploited by this penguin to those of other penguin
species. A total of 23 adult penguins (11 males and 12 females) brooding chicks were fitted with GPSdepth recorders at the 3 main nesting sites on south-western Isabela Island. Birds moved between
1.1 and 23.5 km (mean = 5.2 ± 4.9 km) from the nest, concentrating foraging in a strip of sea within
1.0 km of the shore. Foraging trips lasted a mean of 8.4 ± 2.0 h. Although the deepest dive was 52.1 m,
birds spent, on average, 90% of their time underwater at depths less than 6 m. Both foraging ranges
and dive depths were below those predicted from allometric regressions derived from other penguin
species. Applying the maximum values for movement to calculate space use, the Galápagos penguin
exploits a maximum volume of water of <1.4 km3, which is almost 90 times less than that predicted
for its mass, and thus utilises only a small portion of the total potentially available upwelling area
within the Galápagos Archipelago.
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The Galápagos penguin Spheniscus mendiculus,
the most northerly breeding penguin species and endemic to the Galápagos Archipelago, is classified as ‘endangered’ by the IUCN, the World Conservation Union
(BirdLife International 2000), with a total population of
around 2000 individuals (Jiménez-Uzcátegui et al. 2006).
Total populations of the 3 congeners (African penguin
Spheniscus demersus, Magellanic penguin S. magellanicus and Humboldt penguin S. humboldti) have historically numbered millions of individuals (Williams 1995),

whereas studies since 1970 indicate that the Galápagos
penguin population has always been consistently low
(Vargas et al. 2005). All Spheniscus penguins are specialised to feed on pelagic school fish such as anchovies
Engraulis spp. and sardines Sardinops spp. (for review
see Williams 1995, Wilson & Wilson 1995) and, due to
their limited foraging range as a consequence of their
flightlessness (Wilson 1985), exploit primarily highly
productive environments such as upwellings (Williams
1995) and continental shelves (Wilson et al. 1995).
Accordingly, the Galápagos penguin distribution
coincides with the main upwelling areas of the archi-
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pelago (Boersma 1978). Although this upwelling is not
as extensive as either the Benguela or Humboldt system which feed African and Humboldt penguins,
respectively, or the Patagonian Shelf, over which Magellanic penguins forage (Boersma et al. 2007), approximately 95% of the penguin’s population is found along
the western coast of Isabela and around Fernandina
Island (Vargas et al. 2007), which are the primary areas
of upwelling caused by the Equatorial Undercurrent,
also known as the Cromwell Current (Palacios 2004).
However, distributional records (Mills 1998, 2000,
Jiménez-Uzcátegui et al. 2006) suggest that this species may not use the whole extent of the upwelling
habitat potentially available to it.
We examined the foraging range used by Galápagos penguins by equipping birds with Global Positioning System and depth (GPS-depth) loggers
(earth&OCEAN Technologies) during their breeding
period in 2004 and 2005. We measured the Galápagos
penguin’s horizontal and vertical movement at sea to
assess whether their foraging ranges and volumes of
sea exploited differ from those of other species.

MATERIALS AND METHODS

After capture, birds were equipped with the GPS loggers placed midline on the lower back, following Bannasch et al. (1994) using overlapping layers of black waterproof tape (10 mm wide strip Tesa-Tape Nr. 4651,
Beiersdorf) which matched the birds’ plumage in colour
and did not compromise feather structure (Wilson & Wilson 1989, Wilson et al. 1990). The complete procedure,
from capture to release, took less than 20 min. The GPSdepth loggers consisted of electronics in a streamlined
aramide fibre/epoxy-composite housing with polyoxymethylene cap, and had maximum dimensions of 100 ×
48 × 24 mm (75 g) (Ryan et al. 2004, Petersen et al. 2006).
Geographical position (using the World Geodetic System, WGS, standard) and pressure (0 to 10 bar with 12 bit
resolution; absolute measurement uncertainty ± 0.03
bar) were nominally recorded once per second although
positional estimates were only actually recorded when
the birds were long enough at the surface for a fix to be
obtained from the satellite data. Using this set-up, data
could be collected over a period of up to 12 h. In most
cases, device deployment took place in the late afternoon, when both parents were attending the chick/s.
The GPS-depth units were programmed to switch on automatically at 05:00 h the following morning, before
birds headed out to sea. Equipped birds were recaptured
after 1 to 3 d; removal of the equipment took about 5 min.
The recorded data were downloaded onto a field computer for subsequent analysis.
Data analysis and statistics. Pressure data were
analysed using MT-Dive software (Jensen Software System) to derive the total time spent per unit depth for each
individual bird histogram with time summed over 0.5 m

Study site. The study was conducted between 8 May
2004 and 27 May 2005, at the 3 principal nesting sites
of the Galápagos penguin on Isabela Island: (1) Caleta
Iguana (0.98° S, 91.45° W), (2) Playa de los Perros
(0.79° S, 91.43° W) and (3) Las Marielas (0.60° S,
91.09° W) (Fig. 1) (A. Steinfurth & F. H. Vargas unpubl.
data).
Deployment of devices. Both the methodology and bird handling followed Wilson & Culik (1992) and Bannasch et al. (1994) and complied with the laws and regulations of Ecuador
and the guidance of the UK Animals (Scientific Procedures) Act 1986. Adult penguins
brooding chicks were captured using a lasso,
a foot-hook or by hand, and were weighed to
the nearest 100 g using a 5 kg spring balance
(Pesola®). In addition to body mass, palpation
of pectoral muscles was used to ensure that
captured birds were in good condition. Measurements of bill length, depth, and width, as
well as flipper length were taken with callipers to the nearest 0.1 mm to determine the
sex of the individual (Boersma 1977). Blood
samples were taken to confirm gender by genetic sexing in the laboratory (Travis et al.
2006). All birds were individually marked
with a PIT- (Passive Integrated Transponder)
Fig. 1. Map of the Galápagos Islands showing the 3 main breeeding sites of
tag in their left leg as part of a separate study
the Galápagos penguin (★: Caleta Iguana, Playa de los Perros and Las
Marielas) where penguins were equipped with GPS-depth loggers
(F. H. Vargas unpubl. data).
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the direction, was 5.2 ± 4.9 km (range 1.1 to 23.5, n =
21), there being no significant difference between
males (mean 6.4 ± 6.5, range 1.1 to 23.5 km, n = 11) and
females (mean 3.9 ± 1.7, range 1.6 to 6.6 km, n = 10) (p
> 0.05). One bird (PP-19) moved at least 23.5 km from
the nest in 1 d, nearly 5 times the mean maximum distance. If this outlier is removed, the mean maximum
distance away from the nest was 4.3 ± 2.7 km, with
location-specific mean distances of 4.8 ± 2.7 km
(Caleta Iguana, range = 1.8 to 11.5), 2.5 ± 1.9 km (Playa
de los Perros, range 1.0 to 5.2) and 3.1 km (Las
Marielas; only 1 bird sampled) (Fig. 2a). Furthermore,
penguin movement at Caleta Iguana and Playa de los
Perros was highly biased towards travelling parallel
with the coast (Fig. 3b,c). The single device-equipped
bird at Las Marielas headed away from the small islet
towards the inshore waters of Isabela Island to then
travel close to the coast of the island (Fig. 3a). Due to
the small sample size this single bird was excluded
from all statistical analyses. The maximum recorded
distance from the coast was 0.9 km (n = 20 birds) (Fig.
2b), indicating that foraging occurred within the 50 m
depth zone off the coast. Although there were no inter-

intervals. The time elapsed between leaving and returning to the nest was used to define foraging trip length.
GPS data were analysed in Arcview. Distances between positional fixes and shoreline and distances
moved from the nest were calculated with ArcView 3.2,
extension Geoprocessing. Distances were measured in a
straight line (and not following the coastline), and therefore represent minimum values. A base map of the Galápagos Islands (1996, Datum WGS 84, scale 1:100 000)
was used to examine foraging ranges and distances from
shore. Due to errors in the base map of the Galápagos Islands (of about 50 m) and the GPS-depth units (between
± 3 and ±19 m, see GPS-depth manual, earth&OCEAN
Technologies, and also Ryan et al. 2004), the map of Isabela Island was manipulated in ArcView and shifted
approximately 200 m eastward. This manipulation was
validated by our foraging movement GPS data (indicating that birds were diving at sea), by GPS tracks taken
by one of the authors walking along the high tide level,
and by fixes taken with a hand-held Garmin 12CX GPS
receiver to locate nest sites. The statistical analysis was
carried out using a linear mixed effect model (Software
R 2.4.1 lme4) (Pinheiro & Bates 2000).

Twenty-three birds (11 males and 12 females)
were successfully fitted with GPS-depth loggers
while brooding one (12 birds) or two (11 birds) small
to medium chicks. Of these, 16 individuals were
studied at Caleta Iguana, 6 at Playa de los Perros
and 1 at Las Marielas. All the devices were recovered, no nest was deserted and no other adverse
effects were apparent from individual birds. Of all
the device-equipped birds, mean ± SD body mass
was significantly higher in males (2.1 ± 0.2 kg) than
females (1.8 ± 0.3 kg) (p = 0.0083).
Of the 23 equipped birds, 21 yielded useful GPS
data and are included in the present analysis. Reasons for unsuccessful deployments involved birds not
leaving their nesting site (1 bird) and no data recording due to errors in programming (1 bird). Only 12
data sets provided information on the full foraging
trip length and were thus used in the dive parameter
analysis. In the remaining 8 cases, the battery had
run out before the foraging trip was completed.

Movements at sea
The mean (± SD) maximum distance travelled
away from the nest during foraging, irrespective of
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Fig. 2. Spheniscus mendiculus. (a) Maximum distances
moved by penguins (measured in a straight line) from nests at
Caleta Iguana (CI; dark grey bars), Playa de los Perros (PP;
light grey bars) and Las Marielas (LM; white bar). Note that
bird PP-19 travelled nearly 5 times farther than the overall
mean. (b) Maximum distance moved from shore by 20
penguins at CI and PP
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Fig. 4. Spheniscus mendiculus. (a) Mean percentage time
spent per metre water depth by male and female Galápagos
penguins. Insert shows relationships for 5 to 25 m in greater
detail. (b) Mean (± SE) cumulative time spent with increasing
water depth for male and female Galápagos penguins

sex differences, site-specific differences were apparent (p < 0.0001), with birds at Playa de los Perros foraging further offshore than at Caleta Iguana. Also, no significant differences in movement behaviour occurred
for adults raising 1 chick compared to 2 chicks (p >
0.05).

Diving behaviour

Fig. 3. Spheniscus mendiculus. Examples of movements of
foraging penguins (round-trips) at (a) Las Marielas (1 bird),
(b) Playa de los Perros (2 birds) and (c) Caleta Iguana
(2 birds). Bathymetry is also shown

All of the successful device deployments delivered
data from 1 foraging trip. Foraging trips lasted a mean
(± SD) of 8.4 ± 2.0 h (n = 12 birds), with penguins leaving the nest to go to the sea between 05:11 and 05:48 h
and returning between 11:04 and 17:00 h. Penguins
foraged predominantly in surface waters, spending a
decreasing amount of time with increasing depth
(Fig. 4a). The maximum dive depth recorded for any
individual was 52.1 m by a female foraging from
Caleta Iguana although overall mean dive depth was
3.0 ± 2.2 m. Mean limits for 90% of time spent diving
occurred at 8.5 m depth for males and 4 m for females
(Fig. 4b). There were no significant differences in
foraging trip duration between sexes or sites or number of brooding chicks (n = 12, p > 0.05).
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DISCUSSION
Device effects and potential biases associated with
GPS tracking instruments
The attachment of external devices to free-living
animals is known to affect behaviour (Wilson et al.
1986, 1990, Culik & Wilson 1991, Bannasch et al. 1994,
Taylor et al. 2001), so particular attention was paid to
bird handling and the precise placement of our GPSdepth units. The GPS devices used in our study were
relatively large, although still just below the threshold
value of 5% body mass (Wilson & Culik 1992). Nevertheless, increased drag associated with the device
deployment is inevitable, tending to reduce penguin
swim speed (Wilson et al. 1986), dive performance
(Wilson et al. 1991, Ropert-Coudert et al. 2007) and
likely food intake (Wilson et al. 2004), and cognisance
needs to be taken of this. Despite this, and although
no control study was carried out, we could detect no
deleterious effects on either adult well-being or chickrearing performance during the study.
Several potential biases might also have occurred in
the interpretation of GPS tracking data. Although the
device was programmed to record positions continuously, the number of locations acquired varies according to diving behaviour because positional fixes can
only be obtained when the birds are at the water surface long enough to receive the relevant information
from the satellites (Ryan et al. 2004). Thus, there were
short periods when no positional data could be
derived, which could potentially affect both estimates
of trip range and distance from the coast.
For the pupose of this study, no differentiation was
made between travel and foraging dives during penguin excursions to sea.

Foraging ranges, depths and volumes of water
exploited
Greater foraging ranges are tenable in larger species
for 2 reasons: (1) Chicks can be provisioned for extended
periods by larger brooding adults because they have
comparatively larger stomachs to store food, a process
that is facilitated by food conservation mechanisms in the
gut (Thouzeau et al. 2003). This is advantageous with
respect to foraging range because where a single adult
can provision the brood for long periods this allows the
partner time to range farther since foraging duration
correlates strongly with foraging range (e.g. Petersen
et al. 2006). (2) Both larger chicks and adults can fast for
longer periods (Groscolas & Robin 2001), so that brooding adults and the chicks from larger species cope better
with extended absences of the parent or partner.
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Accordingly, published data for 13 species of penguin (brooding small to medium chicks) show that
there is a general trend for foraging ranges to increase
with body mass as shown by:
Range = 24.73e0.1395Mass (r2 = 0.76, F = 120.3, p < 0.05) (1)
According to this regression, the Galápagos penguin,
with a body mass of ca. 2 kg, is predicted to have a foraging range of 30.7 km. Our derived maximum range of
23.6 km is markedly lower than this and even lower
than that of the little penguin Eudyptula minor, a species which has half the mass of the Galápagos penguin
and which may range over 30 km during chick provisioning (e.g. Norman 1992, Collins et al. 1999).
In addition, the data presented for all species other
than the Galápagos penguin refer to general foraging
range, which usually entails movement directly away
from the foraging site and away from the coast (e.g.
Culik & Luna-Jorquera 1997, Barlow & Croxall 2002,
Ainley et al. 2004, Petersen et al. 2006). The observation that none of the GPS-depth recorder-equipped
Galápagos penguins ranged farther than 1.0 km from
the nearest coast indicates that the actual area of sea
they utilise is even smaller than their range would suggest. This can be illustrated by a simple model that
assumes that all other penguin species forage over a
semi-circle. We consider that a semi-circle is a reasonable general approximation (cf. Wilson et al. 1988,
1995, Wilson 1995), although the arc over which different species may forage varies between as little as 35°
(Barlow & Croxall 2002) and virtually a full circle (e.g.
Jouventin et al. 1994 for King penguins Aptenodytes
patagonicus). Based on this general assumption, the
area that can be exploited translates into (πr 2)/2, where
r is the foraging range, so that the regression of foraging range versus mass can be altered into foraging
area versus mass via:
Area = [π(24.73e0.1395)2]/2

(2)

The limits on this lie between Area =
[π(24.73e0.1395)2]/(35/360) and Area = [π(24.73e0.1395)2]
if the movement arcs taken for Macaroni Eudyptes
chrysolophus and King penguins are taken as minima
and maxima, respectively. By contrast, the sea area
available to the Galápagos penguin is only effectively
given by the distance from the coast multiplied by twice
the range (since the foraging bird may normally move in
one of 2 directions when leaving the colony). Using 95%
confidence limits on the data gleaned from the GPS data,
these only amounted to about 24 km2, markedly smaller
than the postulated mass-specific area used by penguins, and even smaller than that of Macaroni penguins
with their highly restricted foraging arc.
Putative foraging areas exploited by breeding penguins are modulated by the depths that the birds can
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exploit. In this regard, regressions of absolute maximum depth versus body mass in Wilson (1995) predict
that the Galápagos penguin should be able to dive to a
maximum of 85 m, which substantially exceeds the
recorded maxima of 52.1 m. However, such measures
are of limited value since they are highly dependent on
sample size (since the chances of an individual executing an exceptional dive increase with sample size) and,
in any case, tend to represent physiological maxima
rather than anything of ecological relevance.
If we assume that the Galápagos penguin dive data
are typical, it is possible to determine the volume of water that can be exploited by this bird by simply multiplying the maximum recorded depth (52.1 m, itself an
outlier compared to other values) by the exploitable
area (24 km2). Similar calculations using other penguin
species demonstrate the huge discrepancy that may exist between the Galápagos and the other species in the
volume of water searched by breeding birds (Fig. 5). Indeed, even if the volume of water available to penguins
is corrected to become mass-specific, the volume of water exploited by the Galápagos penguin is about 1000
times less than that expolited by other penguin species.
The primary factor in reducing the potential volume
comes from the coast-hugging behaviour of the species.
There are a number of possible explanations for this.
Firstly, their primary prey may be located inshore. In
fact, to date, there are few data on the feeding habits of
the Galápagos penguin. Both Boersma (1974) and Vargas et al. (2006) report that it feeds on mullet (Mugilidae), and Mills (1998) notes that the species is occasionally seen feeding with aggregations of seabirds,
exploiting what are assumed to be sardines Sardinops
sagax. Vargas et al. (2006) also noted that the Galápagos penguin feeds on piquitangas Lile stolifera around
Fernandina Island. Finally, 9 stomach samples of nonbreeding adults collected during 2005 using a wateroffloading method (Wilson 1984) revealed that these
individuals were feeding predominately on larvae or
juvenile anchovies Engraulis sp. (and fish most likely
stemming from sardines and/or mullet Mugil spp.,
mean size 26 mm; A. Steinfurth unpubl. data). Both
sardine and anchovy are typical of upwelling systems,
and their larvae and juvenile phases inhabit the surface inshore waters but migrate off-shore when adult
(www.fishbase.org). Similarly, the local mullet are
schooling fish that inhabit sand, mud and rock bottoms
of shallow waters near the coast (www.fishbase.org).
Another possible explanation relates to predation. It
has been suggested that the paucity of non-volant pursuit divers in the tropics is related to increased predation by sharks (Au & Pitman 1986, Schreiber &
Burger 2001, Weimerskirch et al. 2005). Fifteen species
of shark have been recorded from the Galápagos
Archipelago (Humann 1993), so Galápagos penguin
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Fig. 5. (a) Relationship between the putative foraging area
available to different penguin species hunting for small or
medium chicks as a function of body mass (for calculations
see ‘Discussion’). D: Galápagos penguin; other penguin species (s): 1, little penguin Eudyptula minor; 2, rockhopper
penguin Eudyptes chrysocome; 3, African penguin Spheniscus demersus; 4, chinstrap penguin Pygoscelis antarctica; 5,
Humboldt penguin Spheniscus humboldti; 6, Adelie penguin
Pygoscelis adeliae; 7, royal penguin Eudyptes schlegeli; 8,
macaroni penguin Eudyptes chrysolophus; 9, Magellanic
penguin Spheniscus magellanicus; 10, gentoo penguin Pygoscelis papua; 11, king penguin Aptenodytes patagonicus;
12, emperor penguin Aptenodytes forsteri. Two values are
shown for the king penguin since the literature indicates considerable variation for this species (Charrassin & Bost 2001).
(b) Relationship between the foraging volume available to different penguin species as a function of body mass (for calculations see ’Discussion’). Maximum depth data derived from
references given in (1) Montague (1985), (2) Tremblay et al.
(1997), (3) Wilson (1985), (4) Mori (1997), (5) Taylor et al.
(2004), (6) Arai et al. (2000), (7) Hull (2000), (8) Croxall et al.
(1993), (9) Walker & Boersma (2003), (10) Robinson & Hindell
(1996), (11) Pütz & Cherel (2005), (12) Kooyman & Kooyman
(1995). (c) Ratio between the mass-specific volume of sea
available for foraging for different penguin species and that
available to the Galápagos penguin
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foraging ecology could be influenced by predator
avoidance (Heithaus & Frid 2003).
These first data on the space use of the Galápagos
penguin, which were taken over an extensive period of
one year, suggest that the foraging habitat used by the
penguins is only a small fraction of the upwelling zone
and, thus, the potential marine habitat available to
them. It is unclear why the foraging areas and volumes
of this species are so much smaller than those of other
penguin species at a similar stage of breeding. If food
were abundant at the time the study was conducted,
there may have been no need for the population to
forage farther afield than it did, even if the birds were
capable of doing so. However, the extremely aberrant
coast-hugging behaviour of the Galápagos penguin,
which is shown by no other penguin species, indicates
that some factor other than food limits the range.
Where factors other than food distribution act to compromise potential foraging volumes, we would expect
overall food availability to be similarly compromised
and, indeed, this state of affairs alone might explain
why Galápagos penguins are the only member of their
genus to occur exclusively in small colonies.
Future studies need to examine the area and depth
use of Galápagos penguins during the non-breeding
season in order to be able to explain observed patterns
more definitively. Certainly, an understanding of what
limits area use by foraging Galápagos penguins has
important implications for estimates of the distribution
at sea and of habitat used by Galápagos penguins as
well as for assessments of whether expanding anthropogenic activities, including commercial fisheries, may
be potentially harmful to penguin populations.
Future work should address the precise conditions
that determine penguin foraging success and nesting
requirements, since the birds can clearly only breed in
areas close to appropriate marine conditions. The likelihood of both conditions occurring together may
already be reduced but further man-induced deterioration in either of these could prove critical to the
survival of this species.
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