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ABSTRACT

The avifauna of New Zealand underwent a large-scale extinction event before its discovery by
Europeans. This extinction coincides with the colonization of New Zealand by the Maoris and
it is currently thought that the decimation of the avifauna was a direct and indirect effect of this
colonization. Some species were eliminated through direct hunting, while others probably fell
prey to the pacific rat, Rattus exulans, which was introduced by the Maoris. The destruction of
habitat by both the Maoris and the pacific rat may have also played a role. To date, there has
been no systematic statistical analysis of the factors that characterize the species that went
extinct and those that persisted. In this paper, we introduce a novel statistical approach, the
regression tree, for the analysis of such data. The purpose of the analysis is to generate a
hierarchical predictive tree. The method establishes predictive characteristics from which causal
mechansims can be hypothesized. Using regression tree analysis, we identify four main patterns
in the avifaunal extinctions: (1) very large (>3.75 kg) bird species all went extinct (whether
volant or flightless); (2) the probability of flightless species less than 3.75 kg going extinct
decreased with body size; (3) volant species nesting in cavities in the ground (petrels) showed a
qualitatively similar pattern (i.e. probability of extinction decreased with body size); (4) in
contrast, the probability of volant species nesting in other sites going extinct increased with
body size. We discuss possible mechanisms that could generate these patterns.
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INTRODUCTION

The large-scale extinction of the avifauna of New Zealand in the centuries following the
colonization of the islands by the Maoris is probably the best documented case of extinction
caused by the direct or indirect actions of a stone-age people (Cumberland, 1962; Fleming,
1962; Williams, 1962; Scarlett, 1974; Cassels, 1984; Anderson, 1989a,b; Worthy and
Holdaway, 2002). The most frequently cited example is the extinction of the moas, but
many other taxa, including geese, ducks, rails, petrels and passerines, also became extinct
in the period between Maori colonization and European contact (Holdaway et al., 2001;
Worthy and Holdaway, 2002). Similar mass extinctions of the avifauna prior to European
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expansion into the Pacific have been recorded throughout the Polynesian islands (Olson and
James, 1982, 1984; James et al., 1987; Steadman, 1989, 1995, 1997; Milberg and Tyrberg,
1993; Pimm et al., 1994; Pimm, 1996; Steadman and Rolett, 1996; Burney et al., 2001;
Curnutt and Pimm, 2001).

Frequently cited reasons for the extinction of the New Zealand avifauna include direct
hunting by the Maoris, destruction of the habitat by the Maoris and the impact of the
pacific rat, Rattus exulans, through predation and/or habitat alteration (Simmons, 1962;
Caughley, 1989; Anderson, 1997; Holdaway, 1999a; Worthy, 1999a; Worthy and Holdaway,
2002). Although it is accepted that the pacific rat was introduced into New Zealand by the
Maoris (Matisoo-Smith et al., 1998), the exact date of introduction remains controversial.
Evidence that the pacific rat was introduced 1000 years before the colonization of New
Zealand by the Maoris (Holdaway, 1999b; Holdaway and Beavan, 1999; Beavan-Athfield
and Sparks, 2001) has been questioned (Anderson, 1996, 2000; Smith and Anderson, 1998;
Hedges, 2000; Higham and Petchey, 2000) and the question remains unresolved. In any
event, the effects of the pacific rat, whenever they immigrated, were a consequence of Maori
contact and hence represent an anthropogenic effect. Climate has been discounted as
unimportant except in so much as it caused local reorganization of communities (Worthy,
1999b; Worthy and Swabey, 2002).

Much of the early literature discussed the possible causes of the extinction but did not
attempt a statistical analysis of such causes or the factors associated with extinction. More
recently, statistical analyses and mathematical modelling have placed the discussions on a
more rigorous footing. For example, Duncan et al. (2002) compared selection ratios of taxa
from middens with those from the surrounding dunes and showed a significant association
between the intensity of hunting and the probability of extinction. Anderson (1989a) and
Holdaway and Jacomb (2000) used mathematical modelling to demonstrate that the
estimated rate of Maori hunting on moas would have led to their extinction.

Although there has been general discussion of the factors characterizing those taxa that
went extinct (e.g. Cassels, 1984; Holdaway, 1989), there has been only one systematic
attempt at quantitative analysis. Holdaway (1999a) divided species into six vulnerability
groups – (1) flightless species, (2) petrels, (3) coastal and freshwater species, (4) arboreal
volant species, (5) ground dwelling volant species, (6) predators – and then examined
patterns of extinction within each group. Two potential weaknesses with this insightful
analysis are: (1) the vulnerability categories were based on a multitude of disparate
characters and it is not clear whether such categories were those that would necessarily have
been erected in the absence of knowledge of which birds actually went extinct; and (2) the
patterns of extinction were not tested statistically.

A fundamental problem in the analysis of patterns is that of erecting and testing
hypotheses after inspection of the data. For example, visual inspection of the list of extinct
and extant taxa suggests that flightless forms have a higher probability of extinction than
volant forms. However, after such an inspection, it is not statistically valid to then test this
hypothesis using the same data, although of course it is typically the only data we have.
What is required is a method of objectively finding patterns given a suite of potential
candidate characteristics. The problem is that the factors underlying extinction probability
may differ between taxa in highly non-linear ways. For example, birds laying small eggs may
be more vulnerable to pacific rat predation (one, but not the only, possible impact of the
pacific rat) than those laying large eggs, whereas large birds may be invulnerable to rat
predation but be a focus of human hunting.
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A technique specifically designed to deal with this type of complex interaction is the
method of regression trees. The use of this method has recently increased in both clinical
and ecological research. Most ecological studies using regression tree analysis have involved
community structure. In this paper, we illustrate the use of this technique in the analysis of
the importance of life-history variables in the extinction risk of species. Specifically, we
use the technique to discern the factors that correlate best with the probability of extinction
in the New Zealand avifauna before European contact.

METHODS

Regression trees: a brief description

For detailed discussions of regression trees, see Breiman et al. (1984), Venables and Ripley
(1997, pp. 413–430), LeBlanc and Crowley (1992) or Marshall (2001). De’ath and Fabricius
(2000) provide an excellent example of the method applied to community data.

The general approach of regression tree analysis is to produce a binary tree in which each
node of the tree represents a binary division of the data present at that node, determined
by some statistical criterion such as least squares. Each node is considered separately and
analyses all the available predictor variables; thus, for example, at the first split the data may
be best divided according to some predictor variable X1, while at a subsequent node the best
split of the data passing through that node may be accomplished using some other predictor
variable, say X2. Regression trees should be viewed as hypothesis-generating routines rather
than hypothesis-testing routines. They have a number of important attributes: they are easy
to interpret when the predictors consist of both categorical and continuous variables; they
are invariant to monotone transformations of the predictor variables; they can capture non-
additive behaviour; and they allow very general interactions between predictor variables.

In the present case, the dependent variable is the probability of extinction. A hypothetical
tree is shown in Fig. 1, in which the response variable is the proportion of extinct species,
shown at each terminal node. As in logistic regression, the dependent variable is binary, with
1 equalling extinction and 0 equalling presence for each species. The nodes of the regression
tree give the probability of extinction, estimated as the number of extinct species divided by

Fig. 1. A hypothetical regression tree illustrating the main features. Terminal nodes show the
probability of extinction.
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the total number of species in that node (because of the binary definition, it is also the
arithmetic mean value of the node). In the hypothetical example, the data are divided
initially into two groups, volant (capable of flight) or flightless. The flightless group is then
split into two terminal groups depending upon body mass. All flightless species greater than
1 kg became extinct, whereas only 12% of flightless species less than 1 kg became extinct.
Among the volant species, the fitting algorithm first splits the group according to egg length
and then in the group with egg lengths less than 65 mm according to nest type. No volant
species with egg lengths greater than 65 mm went extinct. Volant species with egg lengths
less than 65 mm that produced a nest of type C had an 80% probability of going extinct,
whereas those producing nest types A, B or D had a 25% probability of going extinct.

Note that, as shown in the above example, predictor (independent) variables can be
categorical or continuous. For example, birds could be classified according to three cate-
gorical variables, such as habitat type, nest type or food type, and two continuous variables,
such as body mass and egg length. The regression tree algorithm seeks a tree comprising
binary nodes that minimizes some measure of lack of fit. The tree is constructed recursively
with the binary partitioning algorithm applied at each node until either the node is
homogeneous or the node contains a preset minimum number of observations (5 in the
present analysis). Partitioning is done on a one-step lookahead, which ensures an optimal
split at each node but not necessarily the optimal performance over the whole tree. Each
partitioning uses only a single predictor variable, although combinations of predictor
variables can be included as separate variables. The final tree need not contain all the
predictor variables (e.g. habitat type and food type might not be incorporated by the
algorithm).

Several partitioning criteria are available: the one used in the present analysis is that
implemented by SPLUS, which consists of minimizing the squared difference at each node
between the predicted and observed value, called the residual deviance. An example of
how this is computed is presented in Fig 2. The data consist of 16 species of birds (actually
those comprising nodes 2 and 3 in the North Island regression tree shown in Fig. 4). First,
the species are ranked according to body mass. There are 16 possible split points, from only
one species predicted to be extinct (Malacorhynchus scarletti) to 15 species predicted to be
extinct (all except Leucocarbo chalconotus). For each possible split, the residual deviance is
calculated; Fig. 2 shows the calculation for the split at body mass = 975 (between Corvus
morium and Botaurus poiciloptilus), which has a residual deviance of 3. The residual
deviance varies according to the split point and is a minimum at the fifth split point, which is
that shown in the sample calculation. The residual mean deviance is defined as the summed
residual deviance divided by the degrees of freedom (= number of observations − number
of terminal nodes). There is no clear-cut rule for deleting nodes, but inspection of the
reduction in deviance as a function of the number of nodes can indicate where the addition
of further nodes has little effect on the deviance.

The data set

Holdaway (1999a) gives a list of (1) bird species present on the North and South Islands of
New Zealand at the time of Maori colonization, (2) those species extinct by the time of
European settlement, (3) bird masses and (4) egg lengths. Two species lacked data for egg
lengths and were not used in the construction of the trees. Using various sources, we used
the following categorical variables in the analysis (see online database for sources and data):
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1. Flight capability: volant or flightless. Several species, such as the Stephens Island Wren,
may not have been entirely flightless but, because their powers of flight are reported to
be highly reduced, we included them in the ‘flightless’ category. Flightless species are
probably more vulnerable than volant species.

2. Habitat type: (a) aquatic, e.g. grebes, petrels, penguins, waterfowl; (b) terrestrial and
spending most time on the ground, e.g. all flightless species, some rails; (c) terrestrial
and aerial, e.g. most passerines, raptors. Of these categories, species in category (b) are
probably most vulnerable.

Fig. 2. An example of how the best split is calculated. The data consist of 16 species ranked according
to body mass. ‘Observed Extinction’ is a binary variable taking the value 0 if the species is extinct and
1 if it is extant. ‘Predicted Extinction’ is similarly a binary variable. The graph shows the residual
deviance calculated for each successive inclusion of a species in the ‘predicted extinct’ category.
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3. Nesting site: (a) in a cavity within the ground or, for example, in a fallen log, e.g. petrels,
kiwis; (b) on the ground but not in a cavity, e.g. terns, most ducks; (c) arboreal, e.g. most
passerines, egrets and herons; (d) in a cavity not on the ground, e.g. some parrots. Birds
such as petrels that nest in ground cavities are vulnerable to a wide range of predators,
including humans and smaller predators such as the pacific rat.

4. Nest density: (a) high, nesting in colonies or nesting territories closely packed, e.g.
petrels, egrets, some terns; (b) low, e.g. most passerines, kiwis. Because of their visibility,
birds nesting at high densities are likely to be more vulnerable.

5. Food: (a) fish, e.g. terns, cormorants; (b) vertebrates other than fish, e.g. raptors; (c)
vegetable matter, e.g. geese, parrots, moas; (d) invertebrates, e.g. many passerines, kiwis,
some rails. Humans typically eat animals that feed primarily on vegetable matter and
hence species in category (c) would be at most risk from humans. However, seabirds may
have formed a significant food source of some Polynesians (Moniz, 1997) and both
penguin and petrel bones occur in New Zealand archaeological sites (Worthy, 1999a)

Some species became extinct on one island but not the other (e.g. the penguin Eudyptes
pachyrhynchus became extinct on the North Island but not the South Island) or were present
on only one island (e.g. the petrel Puffinus huttoni, the eagle Harpagomis moorei). For this
reason, we treated the two islands separately. The separate treatment also provides a type
of cross-validation: the islands are not so different as to expect radically different results for
them. As a further test, we did the analysis using both islands together, with ‘Island’ as a
predictor variable.

RESULTS

On the North Island, there were 109 species prior to the Maori colonization, of which 34
(31%) were extinct by 1770 (the time of European colonization). Of the 118 species on the
South Island, 37 (31%) were extinct by 1770. A wide variety of birds were exterminated:
all eleven moas, most petrel species, some penguins, waterfowl, birds of prey, rails and
several passerines (see online database). This very disparate set of species lost suggests a
variety of causes were responsible.

The fully fitted regression trees both had 11 terminal nodes. A plot of the deviance versus
the number of terminal nodes shows that in both cases there was a marked decrease in
deviance up to eight terminal nodes but further splitting produced little change in the model
fit (Fig. 3). We therefore limited the trees to eight terminal nodes (Fig. 4). Terminal nodes
are arbitrarily labelled 1–8. For the North Island, the predictor variables included were
body mass (BM), flight condition and type of nesting site. All of these variables were
selected for the South Island model, but nest density was also included (Fig. 4). The regres-
sion tree obtained using both islands together gave the same tree as for the North Island,
except that the first split was at a body mass of 4500 g rather than 3750 g. This difference
is consistent with the difference between the islands in extinction of a single bird species (see
below): because the division point is computed as the midpoint between the two adjacent
species that occur in different categories (for example, see Fig. 2), the split point varies as
data sets are combined.

In both trees, the first split was based on body mass: in the North Island all species greater
than 3750 g became extinct, whereas on the South Island the lower limit was 7625 g. The
difference in the threshold is due to two species of penguins becoming extinct on the North
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Island but not the South Island. All of the species exceeding the size threshold of 7625 g
and included in the analysis were flightless. However, one of the species excluded from the
analysis because it lacked egg length data is the extinct eagle Harpagomis moorei, which
weighed 12,000 g and hence would have been included within terminal node 8 (extinction
probability = 1). The second species omitted from the analysis for lack of egg length data
was the harrier Circus eytesi, which went extinct on both islands but would have been placed
in the left-hand split because its estimated adult weight was 2500 g.

Both trees produced the same divisions for the next two levels: first the data were split
according to flight capability and then either by nesting site or body mass. For flightless
species, the probability of extinction was a function of body mass, with extinction
probability being greater for smaller species. Flightless species in terminal node 7 (low
probability of extinction) included the kiwis, penguins, a parrot and a rail, while the species
in terminal node 6 (higher probability of extinction) consisted of rails, a waterfowl and
three passerines.

Volant species nesting in cavities within the ground (category a) were separated from
species nesting in the other three nest site categories (b, c, d). The former group are all petrel
species. Within this group, the probability of extinction decreases with size (cf. terminal
nodes 4 and 5). The group of species not nesting in ground cavities were split according to
the same threshold body mass for both islands, with species less than 775 g being assigned
to terminal node 1. This node, which includes species from almost all taxa (e.g. grebes,
cormorants, herons, waterfowl, falcons, gamebirds, rails, shorebirds, gulls, pigeons, parrots,
songbirds), has a very low probability of extinction (0.04 for North Island, 0.06 for South
Island). Terminal nodes 2 and 3 are defined differently in the two analyses: for the North
Island, the birds are split according to body mass, with smaller species having the highest
probability of extinction (0.80 for body mass <975 g and 0.18 for larger species). On the
other hand, the South Island analysis split species according to nest density, with species

Fig. 3. Deviance versus the number of terminal nodes of the separately fitted regression trees for the
North and South Islands of New Zealand.
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nesting at high density having the highest probability of extinction (0.56 for low density
versus 0.00 for high density). Taking the North Island terminal node with 0.80 probability
to correspond to the South Island terminal node with 0.56 probability, we have nine species
that are classed in the same group on both islands and seven that are grouped differently.
Comparing the similarities and differences between the two trees suggests that there are

Fig. 4. The pruned regression trees for the North and South Islands of New Zealand. BM = body
mass in grams. At each terminal node is shown the probability of extinction and the sample size.
For discussion, the terminal nodes are arbitarily labelled 1–8.
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four broad terminal groups: (a) nodes 1, 2 and 3; (b) nodes 4 and 5; (c) nodes 6 and 7; and
(d) node 8. This classification is supported by the combined analysis of both islands. With
the exception of terminal node 8, in which there is no variation in extinction probability,
within each grouping of nodes the probability of extinction appears to be associated with
body size, although the functional relationship differs among the groups. On the basis of
the North Island classification, the probability of extinction for species within the 1, 2, 3
grouping of nodes first increases with body size and then decreases. The latter possibility
(decreasing probability of extinction with body size) is not supported by the South Island
classification. Both analyses indicate that for the grouping of nodes 4 and 5 and the
grouping of nodes 6 and 7, the probability of extinction decreases with body size.

The regression tree analysis necessarily partitions the data into binary groups. However,
the probability of extinction is unlikely to fall neatly into two groups based on a continuous
measure such as body size. More realistically, the probability of extinction is likely to follow
some relationship such as the logistic.

The regression tree analysis does not provide significance tests for the splits, but we tested
post-hoc the pattern associated with body size using logistic regression. As before, we tested
both islands separately. Because both analyses gave qualitatively the same results, we present
only those for the North Island. In the case of the grouping of nodes 1, 2 and 3, we added
a quadratic term to test for the presence of a decreasing probability at the largest body
masses. Model fit was tested using log-likelihood (Tabachnick and Fidell, 2001). The
quadratic term was not significant (χ2

1 = 1.06, P = 0.30) and was dropped from the model.
The model involving body mass was highly significant for all three groupings (nodes 1, 2, 3:
χ

2
1 = 7.32, P = 0.007; nodes 4 and 5: χ

2
1 = 10.67, P = 0.001; nodes 6 and 7: χ

2
1 = 9.68,

P = 0.002). In agreement with the regression tree analysis, the probability of extinction
declines with body mass for two groupings and increases with body mass for the third
(Fig. 5). The final regression tree with the terminal node logistic regressions is shown
pictorially in Fig. 6.

DISCUSSION

The regression tree analysis of the two New Zealand islands produced four basic groupings,
discussed below. Although the statistical analysis itself does not indicate the factor or
factors responsible for extinction rates within each of these groupings, we can use these
groupings to formulate hypotheses. Two causes of extinction that have received attention
are predation and habitat alteration. Both Maoris and the pacific rat have been implicated
as predators of the Polynesian avifauna and agents of habitat destruction (see Introduc-
tion). Several authors have postulated that extinction of the avifauna of other Polynesian
islands was also a result of human activities (Olson and James, 1982; Milberg and Tyrberg,
1993; Steadman, 1995, 1997; Burney et al., 2001). The importance of predation or habitat
alteration by the pacific rat on extinction throughout Polynesia is less certain (see below).

Group 1: large birds greater than 3.75 kg

With one exception, all of these species were flightless. Humans targeted these species
(moas, waterfowl and penguins) and the extinction of the large eagle is explicable as a
consequence of the loss of its possible principal prey, the moas. Holdaway (1989) suggested
that humans may also have hunted the eagle.
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Group 2: flightless birds smaller than 3.75 kg

In this group, the probability of extinction decreased with body mass. The largest birds in
this group are certainly within the range where human hunting would have been profitable
and there is no obvious single factor that would have by itself protected the birds. The
general trend for vulnerability to decrease with size suggests that this group was at risk from

Fig. 5. (Top) The fitted logistic regression functions for the probability of extinction on the North
Island as a function of body size in the three groupings of terminal nodes in which there is variation in
extinction probability. Nesting site categories: (a) in a cavity within the ground or in a fallen log, etc.
(because of prior partitions, the group ‘volant spp., nesting site = a’ consists solely of petrels); (b) on
the ground but not in a cavity; (c) arboreal; (d) in a cavity not on the ground. (Bottom) Egg length as a
function of body mass for the two species groups in which the probability of extinction on the North
Island decreased with body mass. The horizontal line is drawn at 60 mm, which is the approximate
length at which eggs are too large to be preyed upon by the pacific rat.

Roff and Roff768



a size-limited predator. A plausible candidate is the pacific rat (Rattus exulans), which has a
body mass generally in the range 60–80 g but can grow as large as 180 g. Although primarily
a herbivore (Mosby et al., 1973; Temme, 1982; Bunn and Craig, 1989), like other rats, the
pacific rat is quite catholic in its diet (Newman and McFadden, 1990; Lovegrove, 1996) and
has been implicated as a predator of small vertebrates such as amphibians, reptiles and
birds (Anderson, 1997; Worthy and Holdaway, 2002). For example, the New Zealand
tuatara, Sphenodon punctatus, is reduced or absent on islands where the pacific rat is present
(Cassels, 1984; Towns, 2002). On Korapuki Island (northeastern New Zealand), popula-
tions of the shore skink, Oligosoma smithi, increased following the removal of the pacific
rat. Based on estimated changes in survival rate, Towns (1996) attributed this increase in the
skink population to the lack of rat predation. Similar studies on the Mercury Islands of
New Zealand have also implicated the pacific rat in causing a depauperate lizard assemblage
(Towns, 1991). Pacific rats also prey upon a variety of bird species (Kepler, 1967; Fleet,

Fig. 6. A pictorial summary of the regression tree analysis.
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1972; Brooke, 1995; Lovegrove, 1996). Petrels in particular appear to be highly vulnerable to
rats in general and the pacific rat in particular (Marchant and Higgins, 1990; Newman and
McFadden, 1990; Brooke, 1995; Booth et al., 1996). The pacific rat has also been implicated
in habitat alteration (Athens, 1997; Campbell and Atkinson, 1999, 2002; Athens et al.,
2002). While the impact of humans on the extinction of the avifauna of Polynesia is
generally accepted (see above), the importance of the pacific rat has been questioned
(Steadman and Olson, 1985; Weisler and Gargett, 1993).

Potential prey of the pacific rat include ground-nesters with eggs less than 57 mm in
length and small ground-nesting birds of less than 100 g (Holdaway, 1999a). Although some
of the species that went extinct within this group were too large as adults to be taken by the
pacific rat, all of the extinct species had egg lengths less than 60 mm (Fig. 5). Three species
that did not go extinct also had egg lengths less than 60 mm, but all are large species and
their egg lengths (58, 56 and 51 mm, respectively) are close to the size limit (57 mm)
suggested for the pacific rat.

Group 3: volant species that nest in a cavity within the ground or in a fallen log

All of the species in this group are petrels. As noted above, there is evidence of pacific rat
predation on the eggs and young of petrels and hence it is a reasonable hypothesis that this
rodent was the primary culprit in the extinction (Holdaway and Worthy, 1994; Holdaway,
1999a; Worthy and Holdaway, 2002). It is also significant in this regard that all the species
eliminated laid eggs less than 60 mm in length (Fig. 5). Two species that lay eggs less than
60 mm did not go extinct on North Island. However, one of these, Pelacanoides georgicus,
did go extinct on South Island.

The foregoing discussion for this group and the preceding group might lead one to
suspect that egg size is likely to be a more important determinant of species survival
than adult body size. This is not what the regression tree analysis concludes, as this possi-
bility would have been considered at the ultimate partitions. To investigate further the
possible effect of body size versus egg size, we did the logistic regression analysis for the
four possible combinations (two groups and two islands). In all cases, the addition of
egg length did not significantly improve the fit (Type 1 sums of squares). Entering egg length
as the first variable left residual variance that was accounted for by body size. Thus the
logistic regression analysis agrees with the regression tree analysis in concluding that body
size is the better predictor of persistence. This suggests that persistence is not due simply to
a relatively large egg. It is possible that the larger adult body size permits the parent bird to
fend off the rat. More behavioural information on the mode of predation by rodents is
needed.

Group 4: volant species that nest on or above the ground

The probability of extinction was small in this group but showed a significant increase with
body size (Fig. 4). Species becoming extinct were a cormorant (2500 g) and a heron (900 g)
on North but not South Island, a merganser (900 g), a falcon (2500 g), a shorebird (105 g),
an owlet-nightjar (200 g) and a crow (950 g). The species that went extinct were as a group
neither those likely to be hunted by the Maoris nor, because of their size, significantly
preyed upon by the pacific rat. These species may have become extinct as the result of other
causes.
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The power of the regression tree approach is that it focuses attention on the characteristics
of not only the extinct species but also the extant species. It provides an objective means of
integrating a large amount of information and indicates where profitable avenues of study
lie. Furthermore, it provides a means of assessing the potential for extant species to become
threatened.
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