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ABSTRACT: We investigated the 3-dimensional foraging behaviour of little penguins Eudyptula minor breeding on an artificially constructed breakwater near dredged shipping channels in Port Phillip Bay, southern Australia. Breeding penguins were fitted with either satellite trackers or timedepth recorders during the 2006–2007 breeding season to record foraging locations and diving behaviour, which were then compared with local bathymetry. Diving appeared to be both mid-water and demersal, and on 1 d trips penguins reached a mean maximum distance from the colony of 13.8 km. Penguins were recorded in locations containing artificially constructed shipping channels, and examination of their diving profiles suggests that they probably forage within these channels. Little penguins at this urban colony have benefited from anthropogenic alterations in the terrestrial environment, but their location exposes them to many potential anthropogenic threats in their marine environment, including a large-scale dredging operation to deepen the existing shipping channels. KEY WORDS: Anthropogenic · Dredge · Satellite · Foraging · Dive · Eudyptula minor Resale or republication not permitted without written consent of the publisher



INTRODUCTION Anthropogenic alteration of the natural environment is a widespread and obvious phenomenon. There are numerous examples of the deleterious effect of artificial habitat changes on wildlife, such as the reduction in species diversity caused by dam constructions (Pringle 2000, Gehrke et al. 2002) or the range of animals affected by land-clearing (see examples in Vos & Chardon 1998, Crooks 2002, Lehman et al. 2006). However, a few animal populations are capable of adapting to and benefiting from anthropogenic changes, such as peregrine falcons Falco peregrinus nesting in high rise buildings (Gilbert 1989, Cade & Bird 1990). The effects of human activities in the marine environment are less conspicuous than on land, but they *Corresponding author. Email: [email protected]



are often extensive, particularly in coastal areas. While the local influence of anthropogenic habitat modification can be readily assessed for sessile organisms such as algae, seagrass and coral (e.g. Richmond 1993, Nystrom et al. 2000, Duarte 2002), the effect on mobile marine animals is more difficult to determine. Ongoing miniaturisation of remote monitoring tools, such as satellite transmitters and diving loggers, is providing increased opportunities to identify how highly mobile animals use the marine environment (Ropert-Coudert & Wilson 2005) and to examine the influence of human alterations on them. The little penguin is an ideal model for studying local oceanic alterations because it is part of a relatively short food chain (Cullen et al. 1992) and has a restricted foraging range during the chick-rearing phase © Inter-Research 2008 · www.int-res.com
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of the breeding season (Collins et al. 1999). Little penguins are capable of acquiring only local resources at this time because they need to return regularly to their terrestrial nest site to feed their chicks (Chiaradia et al. 2007). This central place foraging behaviour facilitates the attachment and removal of data loggers, which allow their at-sea behaviour to be studied. Although considered common, little penguins have been adversely affected by human settlement and activities in some places. Introduced mammalian predators and habitat loss have been the major causes of decline in this species on Phillip Island and south-eastern Tasmania in Australia, and the Otago region of New Zealand (Dann 1992a,b, Stevenson & Woehler in press). Other potential threats of anthropogenic origin also exist at sea, such as oil spills, over fishing, gill-netting, introduction of diseases to prey populations and dredging (Dann 1992b, Dann et al. 2000, Goldsworthy et al. 2001, Stevenson & Woehler in press). A colony of little penguins resides on a breakwater wall constructed at St Kilda, 5 km from the centre of the city of Melbourne, Australia. The colony is close to both marine and terrestrial urban developments. This is the only established little penguin colony within Port Phillip Bay, which seems otherwise largely unsuitable for the establishment of penguin populations due to a lack of appropriate nesting sites, terrestrial threats from introduced predators and on-land habitat distur-



bance. Although extensive habitat alteration and other anthropogenic effects occur within this colony’s foraging range, the population has grown to approximately 1000 individuals (Z. Hogg unpubl. data) since the first breeding pairs were discovered in 1974 (Eades 1975). Population growth is attributed to the proximity of food resources in northern Port Phillip Bay, within 20 km of the colony (Cullen et al. 1996), but is also likely to be due in part to the general absense of predators. A secure fence prevents access to the breakwater by roaming dogs and foxes, which may otherwise decimate the colony. We investigated the 3-dimensional foraging behaviour of little penguins at the St Kilda colony during the 2006–2007 breeding season in order to examine how penguins use a highly modified marine habitat. Using satellite transmitters and time-depth recorders, we assessed whether the penguins have adapted their foraging strategy to use bathymetric variations of the sea floor (including dredged shipping channels) that are present within their foraging range.



MATERIALS AND METHODS Study site. The diving behaviour and foraging zone occupancy of little penguins were examined at St Kilda, Melbourne, Australia (37° 51’ S, 144° 57’ E, Fig. 1)



Fig. 1. Location of St Kilda penguin colony inside Port Phillip Bay, relative to Melbourne and Phillip Island. Satellite image taken from Google Earth™



Preston et al.: Penguins in modified environment



during November and December of the 2006–2007 breeding season. Penguins were monitored in their nests 3 times wk–1 to determine their stage of breeding and were permanently identified by either a passive integrated transponder (Trovan®) or a flipper band. At St Kilda, penguins forage inside Port Phillip Bay (Cullen et al. 1996), a bay of 1950 km2, with an average depth of 13 m and a maximum depth of 24 m (although some trenches at the entrance extend deeper). Several large shipping channels exist in the north and west of Port Phillip Bay, as well as the south where Port Phillip Bay joins Bass Strait (Fig. 1). The shipping channel ranges between 12–17 m depth and 180–240 m width. Deployment of satellite trackers and time-depth recorders. Satellite tracking and time-depth recording devices were deployed separately on penguins. Although data from both devices on single birds could have proved useful, we considered the encumbrance resulting from their deployment together too great for a 1 kg bird. Only 1 penguin (O53F) was fitted with both devices, the time-depth recorder during incubation and satellite transmitter during chick-guard. Satellite tracking was conducted on 13 birds from the chick-guard stage (chicks up to 2 wk old) using platform transmitter terminals (PTT, KiwiSat model 202 by Sirtrack, 60 × 31 × 20 mm, cross-sectional area 514 mm2, mass in air 43 g, antenna 18 cm spring mounted at 60°). In parallel, miniature time–depth recorders (TDR, M190-DT by Little Leonardo 49 × 15 mm, cross-sectional area 177 mm2, mass in air 14 g) were fitted to 14 penguins, 9 at the egg incubation stage and 5 at the chick-guard stage. Little penguins typically make trips of up to 3 consecutive days at sea during egg incubation and just 1 day at sea during the chick-guard stage, but the duration may increase during poor breeding seasons (Chiaradia & Nisbet 2006). TDRs collected data every 1 s in the 0–190 m depth range with a 12-bit resolution and 0.1 m accuracy. All devices were attached to the penguins’ feathers using waterproof tape (Tesa® 4651) (Wilson et al. 1997) along the mid-line of the lower back to minimise drag (Wilson & Culik 1994). We applied a thin strip of adhesive compound (Mastic, Denso) between the feathers and the device, to reduce friction and prevent loosening. All devices and adhesives were removed from the penguin upon its return to the colony after a foraging trip. Attachment and removal each took < 5 min. Penguins were weighed to the nearest 20 g using a spring balance (Pesola 42500) before and after instrumentation. Data analysis. Penguin locations from the PTTs and the accuracy of these locations were provided by CLS Argos and plotted using Elsa Pro software (CLS Argos, 2005). Only locations where accuracy was 1 km or better (Classes 1, 2 and 3) were included in the analysis. We filtered the locations in the R statistical program
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(R Development Core Team 2005) using TimeTrack, a custom designed software package (Sumner 2006). TimeTrack uses the algorithms described by McConnell et al. (1999) to filter out locations that result from unreasonable speeds for a particular species. Using the maximum swimming speed of 3.3 ms–1 reported by Bethge et al. (1997), none of the Class 1, 2 or 3 locations were eliminated. Time-in-area analysis was calculated by interpolation of locations at 10 min intervals between the predicted locations, assuming straight-line travel at an even speed between the 2 locations (Austin et al. 2003), and assigning time spent to 1 km2 grid-squares. Bathymetry contours (at 5 m depth intervals) of Port Phillip Bay (provided by D. Ball, Primary Industries Research Victoria) were plotted using ArcView GIS version 3.0 (Environmental Systems Research Institute, 2004) and overlain with the time-in-area data. G Power analysis (Faul et al. 2007) was used a posteriori to calculate the power of our sample size in describing the foraging area at 95% confidence interval. We used the number of grid-squares visited per penguin and conducted 50 permutations of adding the data from each penguin sequentially and in a random order. In this way, we derived a curve for the cumulative increase in grid-squares visited with each additional penguin. We then used the mean and standard deviations of the data to calculate the power of our sample size. Diving data were downloaded from TDRs and analyzed (surface-align and dive detection) using IGOR Pro version 5.0 (Wavemetrics). Based on the relative accuracy of the logger, we adopted a dive threshold of 1 m. Diving activity was defined by the following parameters: maximum depth, dive duration, bottom phase (calculated as the period in the dive between when vertical speed first drops below and last rises above 0.25 m s–1 vertical speed), depth amplitude within bottom phase (the difference between the maximum and minimum depths reached during the bottom phase), descent and ascent rates, and number of undulations in the dive profile (Kato et al. 2006, Ropert-Coudert et al. 2006). For analysis of these diving parameters, we filtered data to exclude dives without a bottom phase (15.4%). Predominately, they were shallow (86.5% were ≤5 m deep) and were likely to be dives performed during travel. Dive shapes were analyzed using MultiTrace Dive (Jensen Software Systems), excluding only dives 
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