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Abstract

The introduction of predatory mammals to oceanic islands has led to the extinction of many endemic birds. Although
introduced predators should favour changes that reduce predation risk in surviving bird species, the ability of island birds to
respond to such novel changes remains unstudied. We tested whether novel predation risk imposed by introduced
mammalian predators has altered the parental behaviour of the endemic New Zealand bellbird (Anthornis melanura). We
examined parental behaviour of bellbirds at three woodland sites in New Zealand that differed in predation risk: 1) a
mainland site with exotic predators present (high predation risk), 2) a mainland site with exotic predators experimentally
removed (low risk recently) and, 3) an off-shore island where exotic predators were never introduced (low risk always). We
also compared parental behaviour of bellbirds with two closely related Tasmanian honeyeaters (Phylidonyris spp.) that
evolved with native nest predators (high risk always). Increased nest predation risk has been postulated to favour reduced
parental activity, and we tested whether island bellbirds responded to variation in predation risk. We found that females
spent more time on the nest per incubating bout with increased risk of predation, a strategy that minimised activity at the
nest during incubation. Parental activity during the nestling period, measured as number of feeding visits/hr, also decreased
with increasing nest predation risk across sites, and was lowest among the honeyeaters in Tasmania that evolved with
native predators. These results demonstrate that some island birds are able to respond to increased risk of predation by
novel predators in ways that appear adaptive. We suggest that conservation efforts may be more effective if they take
advantage of the ability of island birds to respond to novel predators, especially when the elimination of exotic predators is
not possible.
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Introduction

The majority of bird extinctions since 1800 have occurred on

islands and the main cause of these extinctions has been the

introduction of exotic predators [1,2] often in close association

with drastic habitat alterations [3,4]. The impact of introduced

predators on the native avifauna of oceanic islands is particularly

profound because the birds evolved largely in the absence of many

predators [e.g., 5]. In continental areas, birds and predators have

co-evolved over millions of years, and many behavourial and life

history traits vary adaptively with risk of predation [6–9]. In

contrast, native birds on predator-free islands appear to have lost

adaptations to avoid terrestrial predators. Instead, they exhibit

behaviours and life history traits (e.g. tameness, loss of flight, large

size, low fecundity) that predispose them to population crises when

predatory animals are introduced [10,11], suggesting that they are

evolutionarily ‘trapped’ [12,13]. However, island birds ‘trapped’

by exotic predators are not necessarily condemned to extinction

[13]. The relative risk of extinction will depend on the ability of a

species to adjust behavioural traits or evolve in response to exotic

predators. Yet, studies of trait changes in response to novel

changes in predation risk among island birds are lacking. Here we

present a detailed study of responses in island honeyeaters to

variation in current and historic predation risk on New Zealand

and Tasmania, Australia.

New Zealand provides a typical example of problems arising

from introduction of exotic predators. Extinctions of birds on

oceanic islands such as New Zealand have been directly linked to

human-induced habitat destruction and the introduction of

predatory mammals [2–4,14–16]. New Zealand was first settled

by Maori in ,1300, and then by Europeans beginning in 1769.



three mustelids (Mustela erminea, M. furo and M. nivalis) and the

brushtail possum (Trichosurus vulpecula). These introductions

contributed to the extinction of ,40% of all non-marine bird

species in New Zealand [3,16,17] and pose a major threat to the

survival of the remaining avifauna [18].

In this study we tested whether an endemic New Zealand

songbird, the bellbird (Anthornis melanura), altered its parental

behaviour and life history traits in ways that might adapt it to the

novel predation risk from introduced mammalian predators. In

particular, increased parental activity at a nest can attract

predators and increase nest predation rates [19]. Bird species

adaptively differ in their rates of parental feeding visits to the nest

during the nestling period related to risk of predation [8,9,20,21].

Birds can also achieve lower activity during incubation by

reducing the number of visits per unit time and increasing the

length of time per bout sitting on the nest [22,23]. Increased nest

predation risk could also favour the evolution of shorter incubation

periods to minimise the total time a nest is at risk [24,25].

Bellbirds, therefore, might respond adaptively to the increased risk

of predation by novel predators by lowering parental activity,

increasing length of incubation on-bouts, and shortening incuba-

tion periods.

We examined behavioural and life history responses in the

bellbird to changing nest predation risk on differing time scales. A

few New Zealand offshore islands have never had exotic predators

and provide a benchmark to compare with populations on the

main New Zealand islands that have been exposed to novel

predators beginning 700 years ago. As small islands might alter life

history traits independently of predation risk (e.g. due to higher

density), we also conducted a predator removal experiment on the

mainland New Zealand to further examine whether bellbirds

assess current predation risk and alter their behaviour and life

history traits accordingly. Finally, to examine the effects of

historical predation risk, we compared parental behaviour of

bellbirds in New Zealand with two related honeyeaters (Phylidonyris

spp.) in Tasmania, Australia. Tasmanian honeyeaters evolved with

a variety of native mammalian predators, yet share a common

ancestor with the bellbird. Thus, honeyeaters in Tasmania and

New Zealand provide an opportunity to examine differences in

responses to differing long-term exposure to mammalian preda-

tors.

Methods

Study areas
The bellbird is a medium-sized honeyeater (26–34 g) endemic

to New Zealand [26]. The abundance and range of bellbirds has

decreased since human settlement, but they survived within most

native forest areas on the main islands of New Zealand and on

several offshore islands [26]. Bellbirds were studied in three

locations: (1) on Aorangi Island (35u289 S, 174u449 E), a forested

island of approximately 66 ha, ,22 km off the east coast of the

North Island where exotic mammalian predators have never

existed, (2) in Waiman Bush (42u209 S, 173u409 E), a 65 ha native

forest located 15 km from Kaikoura where all exotic predators

were continuously removed throughout the year from 2004 to

2007, and (3) in Kowhai Bush (42u229 S, 173u369 E), a 240 ha

native forest located 10 km from Kaikoura, South Island where all

exotic predators are present.

Parts of Aorangi Island were cultivated by Maori until 1820, but

it was then abandoned and the island has remained uninhabited

and declared a nature reserve in 1929. Polynesian rats were never

introduced during Maori settlement on the island and to this day it

remains free of all introduced predatory mammals. The island is

far enough from the mainland that gene flow is likely to have been

minimal, a possibility that is supported by the slightly different

colouration of birds compared to the mainland [27]. The only

potential predators present on the island are native and include

Australasian harrier (Circus approximans), long-tailed cuckoo (Eu-

dynamys taitensis), shining cuckoo (Chrysococcys lucidus) and perhaps

the large Duvaucel’s gecko (Hoplodactylus duvaucelii). In contrast, the

mainland site at Kowhai Bush includes all species of exotic

predators plus native avian predators. The birds in Kowhai Bush

have co-existed with exotic mammalian predators for at least the

last 700 years, a situation typical of that faced by all surviving

native species on the main islands of New Zealand. Waiman Bush

is at the same elevation and includes the same native forest habitat



predatory mammals and snakes. We chose to study honeyeaters in

Tasmania because it is located at a similar latitude and experiences

a similar maritime climate to our New Zealand study sites.

Scamander Forest Reserve is also located at the same elevation as

our New Zealand study sites and the forest structure is similar

although it is dominated by gums (Eucalyptus spp.) with an acacia

(Acacia spp.) and fern understorey. Like the bellbird, the open-cup

nests of the Tasmanian honeyeaters were placed in the shrub and

canopy layer and well-concealed by surrounding vegetation.

Data on life history and nesting behaviours were collected at all

study sites from October until December each year (Aorangi:

2004–2005; Waiman Bush: 2004–2006; Kowhai Bush: 1998–

2007; Tasmania: 2004–2005). Nests were found by following

adults, and nests were monitored every 2–5 days to record nest

success. Daily nest predation rates were calculated using the

Mayfield method [38,39]. We followed Hensler & Nichols [40] to

calculate standard errors for Mayfield’s daily predation probabil-

ities, and analysed differences in daily predation rates using the

CONTRAST programme [41]. Clutch size was determined for

accessible nests. For nests found during nest-building or egg laying,

we measured incubation periods as the period from last egg laid to

the last egg hatched (to an accuracy of 2 days or less). To estimate

parental visitation rates, we videotaped nests during both the

incubation and the nestling stage using portable Sony Hi8 video

cameras. Nests were filmed for the first 6 hours of the day, starting

within 30 min of sunrise, except on Aorangi in 2004 when nests

were taped later in the morning. Despite this difference in

protocol, we pooled data across years because we did not detect

significant differences on Aorangi between 2004 and 2005 in

parental visits during incubation (F1,17



parental visitation rates during the middle of incubation differed

among sites (F3,27 = 5.59, p = 0.004) in a similar pattern: the rate on

Aorangi was similar to the rate in Waiman Bush, which was higher

than the visit rate in Kowhai Bush, which in turn was similar to that

of honeyeaters in Tasmania.

Nest attentiveness (percent time females spend on the nest), in

contrast to visit rates, did not differ among sites (F3,61 = 0.346,

p = 0.8). Mean nest attentiveness by females was 67.8% (61.59,

n = 19) on Aorangi , 66.2% (61.91, n = 17) in Waiman Bush,

68.5% (61.73, n = 22) in Kowhai Bush, and 68.6% (62.31, n = 7)



Mean clutch sizes were 3.14 eggs (60.08, n = 57) on Aorangi

(exotic predators never introduced), 3.08 eggs (60.15, n = 12) in

Waiman Bush (exotic predators removed experimentally), and

3.06 eggs (60.09, n = 51) in Kowhai Bush (exotic predators

present). The Tasmanian honeyeaters were not included in this

analysis as sample sizes were small but all crescent honeyeaters laid

3 eggs (n = 6 nests) and all New Holland honeyeaters laid 2 eggs

(n = 3).

Incubation period also did not differ among the three sites in

New Zealand (F2,22 = 1.073, p = 0.4). Mean incubation periods

were 14.1 days (60.21, n = 11) on Aorangi, 14.6 days (60.43,

n = 7) in Waiman Bush, and 14.9 days (60.60, n = 7) in Kowhai

Bush. We were unable to gather enough information on

incubation periods in Tasmanian honeyeaters, but published

records indicate both crescent honeyeater (13.260.20 days, n = 5)

[43] and New Holland honeyeater (13.460.12 days, n = 19) [43]

have shorter incubation periods than the New Zealand bellbird.

Discussion

We examined how an endemic island bird that evolved largely

without terrestrial predators responds to the novel, and an

unusually high, risk of predation due to the introduction of

multiple, exotic, mammalian predators to New Zealand. We found

that the presence of introduced mammalian predators in New

Zealand over the past 700 years have induced shifts in parental

behaviour in the endemic bellbird that appear to be adaptive.

These changes converge on behaviours seen in other species of

honeyeaters endemic to Australia, which co-evolved with a variety

of predators, and which presumably evolved to minimise the risk

from predation. Our results suggest that bellbirds, and perhaps

other endemic island birds, are not stuck in an evolutionary ‘‘trap’’

as has been proposed, but instead have some capacity to adapt to

novel changes in environment including that posed by the

introduction of exotic predators.

Following a hypothesis by Skutch [19], parental activity at the

nest can attract the attention of predators and increase nest

predation risk [8,9,20]. An adaptive response would be to reduce

activity with increasing predation risk [9,23,44,45]. Our results

suggest such adaptive responses in bellbirds: bellbirds on an

offshore island without exotic predators and on the mainland

predator- removal site had shorter on- and off-bouts that yielded

higher parental visit rates than birds that have now co-existed with

exotic predators for c. 700 years (Figures 1, 2). Moreover, bellbirds

that coexist with exotic predators had long on- and off-bouts which

reduced visit rates to a level similar to their Tasmanian relatives

that evolved with mammalian predators (Figures 1, 2). Thus, our

results suggest that New Zealand bellbirds are able to respond to

exotic nest predation risk by altering their incubation behaviour in

a manner similar to related species of honeyeater in Tasmania in a

period not exceeding 700 years.

In contrast, historical differences appear to remain for parental

activity during the nestling period. Bellbirds that co-exist with

exotic predators decreased their nestling feeding rates compared to

birds on the offshore island without predators, as expected under

an adaptive shift, but did not increase feeding when we

experimentally removed predators. Nevertheless, bellbirds on the






