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Predicting future species extinctions from patterns of past extinctions or current threat status relies on the

assumption that the taxonomic and biological selectivity of extinction is consistent through time. If the

driving forces of extinction change through time, this assumption may be unrealistic. Testing the consist-

ency of extinction patterns between the past and the present has been difficult, because the

phylogenetically explicit methods used to model present-day extinction risk typically cannot be applied

to the data from the fossil record. However, the detailed historical and fossil records of the New Zealand

avifauna provide a unique opportunity to reconstruct a complete, large faunal assemblage for different

periods in the past. Using the first complete phylogeny of all known native New Zealand bird species,

both extant and extinct, we show how the taxonomic and phylogenetic selectivity of extinction, and bio-

logical correlates of extinction, change from the pre-human period through Polynesian and European

occupation, to the present. These changes can be explained both by changes in primary threatening pro-

cesses, and by the operation of extinction filter effects. The variable patterns of extinction through time

may confound attempts to identify risk factors that apply across time periods, and to infer future species

declines from past extinction patterns and current threat status.
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1. INTRODUCTION
The patterns and drivers of extinction are of considerable

interest to conservation biologists who seek to limit the

irreversible loss of biodiversity. Extinction is also of inter-

est to evolutionary biologists and macroecologists who

wish to understand the role of extinction in shaping

species assemblages. These two perspectives—ecological

and evolutionary—have come together in comparative

studies of extinction risk. One of the aims of such studies

is to identify features of species that tend to place them at

greater risk of extinction [1,2]. Extinction can be influ-

enced by a range of ecological processes, many of which

may be unique to a particular species or a habitat, but a

growing number of studies have also identified traits

that are significantly associated with extinction risk

across many species. For example, body size is associated

with extinction risk in birds and mammals, with larger-

bodied species more likely to be currently threatened

with extinction [3–5]. As well as biological selectivity,

there is phylogenetic and taxonomic selectivity in extinc-

tion, with some clades or taxa more likely to contain

species that have gone extinct or become threatened

[2,6,7]. Here, we ask whether the selectivity of extinction

changes over time: are the kinds of species that are most
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threatened now the same as those that went extinct in

the past, or that will go extinct in the future?

The biological correlates and lineage selectivity of cur-

rent extinction risk have been used to predict the patterns

and causes of extinction in other time periods. In particular,

current correlates of extinction risk have been used to pre-

dict potential future species declines and extinctions in,

for example, birds [3,6,8–10], mammals [11,12], fish

[13,14], invertebrates [15,16] and plants [17]. Increasingly,

correlates of current extinction risk are being used to predict

the loss of species owing to climate change [18–20]. These

predictions rely on being able to extrapolate present-day

patterns of extinction risk to future species extinctions.

However, little is known about the consistency of extinction

patterns over time. It is reasonable to expect that patterns of

decline and extinction will change over time, owing to the

changing nature of threatening processes.

Furthermore, correlates of extinction may change

through time as the result of extinction filter effects,

where past patterns of extinctions make assemblages

appear resilient to threats they have faced before [21].

In this way, selective extinctions in one period of history

may alter the structure of the assemblage, influencing

the taxonomic and phylogenetic selectivity of extinction,

and the biological correlates of extinction risk, in sub-

sequent periods. For these reasons, studies of extinction

risk in contemporary assemblages may not be sufficient

to capture the way that extinction patterns and processes

change through time [16,22].
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To investigate temporal changes in extinction patterns,

it is necessary to consider patterns of species loss from

assemblages in the past. Many studies have been con-

ducted on patterns of species loss from the fossil record

over geological time [23–25]. These studies have the

advantage of being able to include a large number of

extinctions over a broad time period, but often have

coarse temporal resolution and are generally restricted

to a broad taxonomic canvas. Increasingly, studies of

extinction patterns are using patterns of historic extinc-

tions and recent species declines, typically using data on

estimated risk of extinction from the IUCN database

[3,4,20,26]. While such studies benefit from a finer

species-level resolution, they are usually restricted to a

narrow time period, typically encompassing a period of

dramatic anthropogenic environmental change. Using

information only from extant assemblages limits the abil-

ity to uncover changing patterns of extinction risk over

time [16,22].

Both types of studies, geological and recent, are com-

monly limited by the availability of information on the

phylogenetic relationships among species in past assem-

blages. Phylogenetic information is needed in studies of

extinction risk in order to account for the fact that

many of the factors that make species vulnerable to

extinction, such as low reproductive rate or lack of pred-

ator avoidance behaviour, are likely to be similar among

closely related species [27]. This confounds the search

for biological traits that cause taxonomic selectivity of

extinction. For example, one of the most striking avian

groups from New Zealand (NZ) was the giant moas, an

endemic radiation of flightless ratites [28,29]. All species

of moa went extinct soon after human colonization [30].

Because all moas share many traits in common, simply con-

sidering a tally of extinct species does not allow us to

determine whether moas were vulnerable to extinction

because they were, for example, among the largest animals

in the assemblage, or because they tasted particularly good

or whether there was some other aspect of moa biology that

made them extinction prone. Only by controlling for the

confounding effect of relatedness using an analysis that

explicitly allows for phylogenetic history can we tease out

different correlates of extinction [22,27].

The reliance on phylogenetic information has meant

that many studies are clade-based, focusing on a particu-

lar well-studied group, regardless of their ecological roles

or their geographical distribution. Alternatively, studies

focusing on species assemblages have typically either

failed to correct for non-independence of species data

[10,19] or relied on higher taxonomic categories as a

proxy for phylogeny [31,32]. Ideally, studies of changing

patterns of extinction risk through time should be based

on geographically well-defined assemblages for which a

complete phylogeny is known, for both extinct and

extant taxa, and for which extinctions can be identified

in different time periods, or associated with particular

impacts or threats.

In this study, we track the patterns of extinction

through time for an assemblage consisting of all known

native bird species in New Zealand. We chose the NZ

avifauna because of the uniquely detailed information

available for a large assemblage on the timing of many

extinctions, including both recent extinctions following

human arrival and natural extinctions spanning tens of
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millions of years. The NZ avifauna is a diverse assem-

blage, with hundreds of species filling a wide variety of

ecological roles, yet within a well-defined geographical

area with a distinct geological and evolutionary history

[31]. A wealth of fossil material of NZ birds has been

described [33], particularly from a number of distinct

sites, such as the Miocene St Bathan’s fauna [34] and

the Holocene Lake Poukawa fauna [35]. For species

that went extinct before historical records began, there

is insufficient temporal resolution in the fossil record to

allow the timing of species extinctions to be delineated

[31], however the rich fossil fauna does allow us to add

extinct species to our phylogeny, and to infer species

present in each of four distinct phases of human impact.

This rich palaeontological record has allowed us to

construct an assemblage-level phylogeny for all described

NZ native bird species, including 87 extinct species [36].

Species were included in the phylogeny using one of

three methods: (i) using DNA sequences for 11 mito-

chondrial and two nuclear genes, including ancient

DNA, where available [28,29]; (ii) using DNA sequences

from close relatives to place the lineage in the assemblage

phylogeny; (iii) the use of conservative taxonomic

constraints during the phylogenetic reconstruction (see

Lanfear & Bromham [36] for details). The use of taxo-

nomic constraints to place species for which no

sequence data were available precludes the estimation of

a single phylogenetic tree of all NZ birds, because taxon-

omy usually provides limited resolution of phylogenetic

placement. We used Bayesian phylogenetic inference to

produce a set of 1000 phylogenetic trees that provides a

description of our knowledge of the relationships between

all species in the assemblage. This permits the use of rig-

orous phylogenetic comparative methods to account for

statistical non-independence owing to relatedness, while

simultaneously accounting for phylogenetic uncertainty,

so we can determine whether the identification of corre-

lates of extinction risk holds for a range of reasonable

phylogenetic hypotheses, rather than being specific to a

particular tree [37].

The inclusion of extinct species in our analysis allows

us to reconstruct the assemblage for different periods in

the past and so take a temporal view of the patterns and

correlates of extinction. Rather than defining equal

periods along a timescale, we divide the extinctions by

their occurrence in four distinct phases of the ecological

history of New Zealand: (i) before human arrival,

(ii) after the arrival of Polynesians but before the arrival

of Europeans; (iii) after European arrival and (iv) species

currently threatened with extinction. This allows us to ask

whether the kinds of species most vulnerable to extinction

(with respect to taxonomy, phylogeny and biological

traits) have remained constant or changed across these

distinctly different periods.
2. MATERIAL AND METHODS
We compiled a list of all known native birds of NZ, based pri-

marily on ‘The Checklist of the Birds of New Zealand’ [38],

comprising 274 species and subspecies, of which 187 are

extant and 87 are extinct (see electronic supplementary

material, table S1).

We identified species that went extinct in each of four

distinct phases (figure 1), as follows:
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Accipitridae (birds of prey) 
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Corvidae (crows)
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Acanthisittidae (NZ wrens)
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Strigidae (owls) 
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Figure 1. Historical extinction periods for New Zealand birds. This diagram shows the families identified as suffering a higher
number of extinctions in each period than expected, and traits that showed significant correlation with extinction risk in over

80% of phylogenies (see electronic supplementary material, table S4 and figures S1 and S2 for details). In the pre-human (E1)
and post-Polynesian (E2) periods, the only life-history variables analysed were body size, flightlessness and sexual size dimorph-
ism. Habitat variables and diet preferences were not analysed for E1 and E2.
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— pre-human extinction (E1): species known only from

pre-human fossil or subfossil deposits (29 species);

— post-Polynesian extinction (E2): species extant at the time

of humans arrival in NZ but extinct before the arrival of

European settlers, for example species known from

middens (35 species);

— post-European extinction (E3): species extant at the time

of arrival of European settlers but now extinct (23

species); and

— currently threatened (E4): extant species categorized by the

IUCN [39] as threatened with extinction, i.e. categories

near threatened (NT), vulnerable (VU), endangered

(EN) and critically endangered (CR; 90 species).

The remaining species are considered not to be at

immediate risk of extinction, being extant species classified

as least concern (LC) by the IUCN (97 species).

We make assumption that a species known only from

deposits dated to before human arrival went extinct in

the pre-human period. The oldest described fossil species

in our dataset are penguins from the Early Palaeocene;

however, the majority of fossil taxa are from the Holocene.

While we include all extinct species that have been formally

described in the literature, there must also be unknown or

undescribed species, particularly from periods poorly rep-

resented in the NZ fossil record. Furthermore, the

taxonomic identity and systematic placement of fossil taxa

may be uncertain: for example, DNA analysis of moa

bones suggests one-third of specimens or more may be mis-

identified [28]. The pre-human period of the assemblage

history is therefore poorly known, so we make few inferences

about ancient extinction patterns. Nonetheless, there are
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sufficient described species to allow us to ask if there is any

pattern to the species known from the pre-human fossil

record but absent from the record after the arrival of humans.

Humans arrived relatively recently in NZ, with recent

estimates of the timing of colonization by Polynesian

people at around AD 1280 [40]. The impact on native

flora and fauna was striking, with wide-scale habitat

change, hunting pressure and the introduction of the nest

predator, the Pacific rat (Rattus exulans) [31]. Europeans

first reached NZ in the 1600s, but did not set up permanent

settlements until the early nineteenth century. In addition

to broad-scale habitat modification and novel hunting

pressure (e.g. hunting for specimens), Europeans introduced

a wide range of mammalian predators to NZ, including

cats, rats and mustelids. We distinguish extinctions after

European colonization (E3) from species currently threa-

tened with extinction (E4), because these two categories

represent non-equivalent species responses (complete extinc-

tion versus population decline) and because they represent

different phases of extinction risk in NZ. Since 1968,

no avian species has gone completely extinct in NZ, and

the period after the last extinction is also marked by con-

certed conservation effort to save threatened species from

extinction, for example by maintaining populations in

predator-free reserves.

(a) Life-history data

A wide range of species characteristics could contribute to

species decline, but it is neither practical nor desirable to

include the maximum number of measurable traits. Instead,

we targeted traits that have been found to be associated with

extinction risk in previous studies of decline in bird species.
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All analyses included only those species for which estimates

of the relevant variables were available in the literature (see

electronic supplementary material, table S1).

Body size has been found to be positively correlated with

extinction risk in birds [3,8,41–45], so we included mean

female adult body mass as a factor in our analysis. Body

size estimates for extinct species are typically based on extra-

polation from limb bone length (see references in electronic

supplementary material, table S1). Clearly, these are imper-

fect measures but should serve as an approximate guide to

the relationship between size and extinction risk. Where

only a range of values was available, we used the geometric

mean of the maximum and minimum. We also included aver-

age clutch size, where available, because higher extinction

risk in birds has been associated with low fecundity

[8,42,44]. We include only estimates based on observation

of contemporary or recently extinct species.

Introduced predators are a critical factor in the decline of

many birds species in NZ [46] and island avifaunas generally

[47]. In particular, nest predation can cause population

declines in birds [48–50], and ground-nesting birds may

be particularly vulnerable [43,51,52]. Therefore, we categor-

ized NZ birds according to whether they are known to nest

primarily on the ground or not. Flightlessness has also

been identified as a risk factor in NZ bird extinctions

[10,32,45], so we categorized species as either flight able

(including weak fliers) or flightless.

The relationship between sexual selection and extinction

risk in birds is unclear, with some studies finding that species

that show evidence of marked sexual selection have a greater

risk of local extinction [53,54], others showing that species

with more marked plumage differences between the sexes

have a lower extinction risk [8], and others finding no link

between sexual size dimorphism or plumage dichromatism

and population trends [55]. We analysed whether sexually

dimorphic species have a greater extinction risk using two

measures of sexual dimorphism. Firstly, we recorded as a

binary variable whether species are known to be sexually

dichromatic, with consistent differences in plumage color-

ation between males and females. This is likely to be an

underestimate, as some differences occur in parts of the

colour spectrum not obvious to human observers [56].

We do not analyse dichromatism for species extinct before

historical records began. For all species, where available,

we include sexual size dimorphism as a continuous varia-

ble, calculated as the ratio of mean female mass to mean

male mass.

Diet has been shown to be associated with extinction

risk in birds [10,43,52]. We assigned each species to

one or more of the following diet categories: (i) aquatic

and marine invertebrates and vertebrates; (ii) aquatic and

marine vegetation; (iii) terrestrial vegetation including fruits

and seeds, (iv) terrestrial invertebrates, (v) terrestrial verte-

brates. To represent diet specialization, we counted the

number of categories a species was recorded as utilizing, so

for example a species that is known to eat terrestrial and

marine invertebrates and fruit in season scored 3, while a

species that only preys on terrestrial vertebrates scored

1. Specific habitat types have been correlated with declines

in bird populations, as well as habitat specialization in gen-

eral [42,52]. Each species was assigned to one of the

following categories: (i) forest and scrub; (ii) coastal and

oceanic; (iii) lakes, swamps and wetlands, (iv) grassland;

(v) riverine; (vi) subalpine. We did not analyse diet or habitat
Proc. R. Soc. B (2012)
preferences for species extinct before European settlement

owing to the uncertainty of inferring these variables for

fossil species.

(b) Phylogeny of all New Zealand birds

Reconstructions of phylogenetic history, like any biological

estimates, cannot be treated as absolute point estimates,

but must allow for uncertainty. We used a Bayesian phyloge-

netic analysis of DNA sequence data, plus information from

taxonomy, to estimate the evolutionary history of all known

native NZ bird species, both extant and extinct [36]. We

performed our analyses on a sample of 1000 phylogenetic

trees drawn from the posterior distribution, in order to

account for phylogenetic uncertainty in our analysis (for

details, see Lanfear & Bromham [36]).

(c) Taxonomic and phylogenetic selectivity

of extinction

Although biological correlates of extinction have been ident-

ified for many groups, it is possible that extinction in any

given assemblage is random with respect to relatedness, so

that no group contains more extinct species than expected

by chance. This could arise because extinction acts like a

‘field of bullets’ [57] where chance of persistence is essen-

tially independent of species traits, or because extrinsic

factors overwhelm any intrinsic risk factors [26], or because

the intrinsic risk factors themselves do not have strong phylo-

genetic signal [37]. So our first step is to ask whether

extinction of NZ birds has been non-random with respect

to taxonomy and phylogeny.

If extinction is random, then the number of extinct or

threatened species per higher taxon should be approximately

proportional to the number of species in that taxon

[44,58,59]. In order to ask whether the extinctions that

occurred in each extinction period were a random subset of

the species assemblage in that period, we conducted a

series of randomization tests. We compared the distributions

of extinct species across families with expected distributions

generated by randomly sampling the number of extinct

species per period from the list of all species present in the

assemblage in that period, generating 10 000 such random

samples per period. We then compared the value of the

Poisson parameter of the observed distribution to the set of

10 000 random Poisson parameter values. We repeated this

procedure for each of the historical periods, adjusting the

membership of each family to reflect the extinctions that

occurred in the previous period and the addition of any

new arrivals. For the contemporary assemblage, the compari-

son was made using the number of species listed as

threatened by the IUCN. We used the null distributions to

identify families that suffered significantly more or less

extinctions than expected in each historical period.

Many studies have demonstrated that current extinction

risk has phylogenetic signal, that is, close relatives tend to

be more similar in threat status than expected if extinction

risk was phylogenetically random [2]. One way of measuring

the phylogenetic signal of extinction risk is to ask whether

extinct (or threatened) species are phylogenetically clustered

or overdispersed within the tree of all species in the assem-

blage. We used two measures of phylogenetic clustering:

mean pairwise distance (MPD) and mean nearest taxon dis-

tance (MNTD). MPD is the mean path length between all

possible pairs of extinct species in a given time period,

whereas MNTD is the mean path length between each
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extinct species and its nearest extinct relative in a given time

period [60]. We explicitly modelled phylogenetic uncertainty

using a Bayesian framework. In addition, we repeated the

analyses on two types of phylogenetic representations.

Because the phylogeny contains species with varying

amounts of sequence data, and some taxa are placed on taxo-

nomic information alone, our ability to estimate branch

lengths accurately varies over the tree. Therefore, we repeated

analyses on both phylograms (with branch lengths estimated

by Bayesian inference) and cladograms (with unitary branch

lengths). For each extinction period, we compared observed

MPD and MNTD values with a null distribution of 999

values, calculated by randomizing the tip labels of the phylo-

geny of the assemblage for that time period (see electronic

supplementary material, table S3 for details of analysis).

(d) Correlates of extinction risk

We then asked whether the species characteristics we

recorded correlate with probability of extinction in each his-

torical period. For each of the historical faunas, we fitted

univariate models predicting extinction probability from

species biological traits, using regression on phylogenetically

independent contrasts implemented with the crunch algor-

ithm in the R library caper (http://cran.r-project.org/web/

packages/caper). For the contemporary period (E4), we

analysed extinction risk both as a binary variable (non-threa-

tened versus threatened, pooling all species listed as NT, VU,

EN or CR) and as an ordinal variable (LC ¼ 0, NT ¼ 1,

VU ¼ 2, EN ¼ 3, CR ¼ 4). We also conducted multivariate

regressions to test for the effect of covariation between

traits. We identified intercorrelated predictors and used

Akaike information criterion (AIC) to compare models con-

structed from different combinations of these predictors.

One model was considered a better fit to the data than

another where the difference in AIC (DAIC) was more

than 2. This set of tests and model comparisons were con-

ducted using each of the 1000 trees in the posterior sample

to calculate independent contrasts. This gave us distributions

of 1000 slope estimates and p-values for each univariate test,

and 1000 DAIC values for each model comparison.
3. RESULTS
(a) Taxonomic and phylogenetic selectivity

of extinction

Extinct species in every historical extinction period are a

non-random sample of the species known to have existed

in that time period (figure 1). The overall distributions of

extinct species across families are significantly different

from those expected if extinction was random with respect

to taxonomy, indicating that some families suffer dispro-

portionately more extinctions than others. Although we

expect these tests to lack power for many families with

low species richness, we identified a number of families

as having a disproportionately high number of extinctions,

and we found that the extinction-prone families vary

across time periods (see electronic supplementary material,

table S2).

The phylogenetic analyses also suggest that extinctions

in each historical period were not random with respect to

phylogeny, and that some lineages suffered a greater

proportion of species lost to extinction than others (elec-

tronic supplementary material, table S3). Both MPD and

MNTD values suggest significant clustering of extinct

species in cladograms for categories E1, E2 and E3.
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Currently threatened species (E4) are significantly

clustered in the phylograms.

(b) Correlates of extinction risk

Because extinction risk analyses were performed on a pos-

terior sample of 1000 alternative phylogenies, we cannot

report a single parameter estimate and p-value for each

test. Instead, we present the distributions of p-values for

each test, the median value of the slopes (B50) and the

percentage of the 1000 tests that have a p-value below

0.05 (see electronic supplementary material, table S4

and figures S1 and S2).

The regressions reveal that the significant correlates of

extinction vary across the four time periods. Only body

size, flightlessness and sexual dimorphism were analysed

for E1, none of which showed significant correlations with

extinction risk. The lack of correlates of extinction risk in

the pre-human period may be due to low power (few

species with data), or because relevant factors were not

able to be included in the analysis, or because extinctions

were effectively random with respect to life history. These

results should be interpreted with caution, but they suggest

that prior to human occupation, large flightless birds were

not at significantly greater risk of extinction.

Although flightless species did not suffer higher extinc-

tion rates in the pre-human period, they experienced a

disproportionately high rate of extinction in all periods

of human occupation (see electronic supplementary

material, table S4). Other life-history correlates vary in

their association with extinction risk over the different

periods of human impact (figure 1). Body size was only

associated with extinction risk in the post-Polynesian

period (E2), when large-bodied species were more likely

to go extinct. Dichromatic species had a higher extinction

rate following European settlement (E3), but are not cur-

rently at higher risk of extinction. Smaller average clutch

sizes and ground-nesting are associated with current

extinction threat, but neither of these factors was associated

with extinction likelihood in the recent past. When ana-

lysed as an ordinal variable, only flightlessness and

ground-nesting were significant correlates of extinction

risk in contemporary fauna (see electronic supplementary

material, table S4). We did not analyse diet categories

separately, but we show that diet breadth is negatively

associated with current extinction risk. Species in riverine,

subalpine and coastal or oceanic habitats are more likely to

be currently threatened with extinction.

We found that body size, ground-nesting and flighted-

ness covaried significantly, so we compared different

multivariate combinations of these predictors. Whether

extinction risk is treated as a binary or an ordinal variable,

the model that includes ground-nesting and flightedness is

most often preferred over other models, suggesting that

both of these traits have a significant independent impact

on contemporary extinction risk (see electronic sup-

plementary material, figure S2).
4. DISCUSSION
We show that extinction of birds in NZ has not been

random, but has been biased towards particular lineages.

The phylogenetic analysis confirms that extinct species

are clustered on the phylogeny, reflecting the fact that

traits that increase extinction risk, such as body size,

http://cran.r-project.org/web/packages/caper
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low fecundity or particular habitat preferences, tend to be

more similar among related taxa. This non-independence

of extinction risk among species requires that any analysis

of correlates of extinction, whether focusing on the pre-

sent or over longer time periods, must take phylogenetic

relatedness into account.

Reconstructing the NZ avifauna for different historical

periods offers a unique opportunity to track patterns

of extinction over time in a large assemblage. Adding an

historical dimension to the analysis of extinction has

revealed that both the taxonomic and phylogenetic selec-

tivity of extinction, and the biological and ecological

correlates of extinction, have varied across time periods

representing key stages in the ecological history of NZ.

The families with the greatest proportion of threatened

species today did not have significantly more extinctions

in the past, and, with the exception of flightlessness, the

traits that predispose species to high extinction risk

today are not the same as those associated with extinction

in the past. There are two likely explanations for the chan-

ging patterns of extinction over time: changes in the

predominating threatening processes, and modification

of the structure of the assemblage through an extinction

filter effect.

Caution must be exercised in interpreting the results

from the pre-human period as the fossil record is unavoid-

ably biased. Most studies of bird extinction in NZ and

other Pacific islands have not examined the pre-human

extinctions as a separate phase of extinction patterns

[10,31,32,61], possibly because the data are imperfect.

The NZ fossil fauna from the pre-human period is domi-

nated by several well-studied deposits, for example the

Miocene St Bathan’s fauna from the South Island

of NZ that was deposited in a freshwater lake and is domi-

nated by waterfowl fossils [34,62]. Biases in preservation

and discovery have likely resulted in better sampling of

species associated with, for example, aquatic environ-

ments than with high-altitude forest. More generally,

large-bodied species are more likely to be described

from the fossil record than smaller and less robust speci-

mens. These unavoidable sampling biases may account

for the non-random pattern of extinctions in the pre-

human period, with more ducks, penguins and seabirds

known to have gone extinct that expected from a

random sample of taxa inferred to be present at the

time. It is therefore interesting to note that even though

described fossil taxa are likely to be biased towards large

species, there is still no detectable bias in extinctions

towards larger, flightless species. The data availability

for these variables is sufficient to allow us to detect a

strong bias if one were present, which suggests that in

the pre-human period, when NZ was free of mammalian

predators, large-bodied or flightless species were no more

likely to go extinct than other species.

The arrival of humans in NZ brought extensive modi-

fication of natural habitat, and saw the introduction of

new predators, most notably the Pacific rat (R. exulans)

[31,40]. In addition, birds were hunted for both food

and ornament by human settlers. Hunting had a signifi-

cant impact on the decline and extinction of endemic

bird species, and those species that were hunted were at

a greater risk of extinction than others [63]. We see the

impact of Polynesian hunting pressure reflected in the

increased extinction risk of large species, as well as
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flightless birds [64]. This resulted in a disproportionate

loss of species from families with many large or flightless

species such as the moas (Dinorthinidae and Emeidae)

and rails (Rallidae).

The arrival of Europeans brought further environ-

mental modification, and a range of new mammalian

predators, so flightless species remained particularly

prone to extinction. Hunting birds for food declined,

which may account for the lack of size bias in extinctions

after the arrival of Europeans. However, Europeans

brought new kinds of hunting pressure, such as provid-

ing specimens for natural history collections [65,66].

It is tempting to speculate that this is why dichromatic

species were at a greater extinction risk in this period,

though it is difficult to separate out the effect of collecting

from other causes of species decline. For example, the

decline and eventual extinction of the huia (Heteralocha

acutirostris), which had striking sexual dimorphism in

bill shape, may have been exacerbated by excessive col-

lecting to supply the collector’s market and for fashion

accessories [65,67], but clearance of lowland forest and

the introduction of mammalian predators are also likely

to have contributed significantly to the species’ decline.

Dichromatism has also been associated with establish-

ment and survival of introduced birds in NZ, with more

strongly dichromatic bird species less likely to maintain

successful populations [68], potentially because it is

costly and increases mortality [54]. However, while we

find that dichromatic species were more prone to extinc-

tion in the recent past, we find no evidence that

dichromatism is linked to current extinction risk.

We found that species that nest on the ground are more

likely to be currently threatened with extinction, which is

likely to reflect the impact of introduced predators such

as cats, dogs, rats and stoats [31,32]. Low clutch size is

also correlated with threat status, as it may limit the

capacity of a population decimated by predators to

return to sustainable levels [44]. The success of both

native and introduced bird species in NZ has been

greater for species with larger clutch sizes [45]. Species

with a more specialized diet are also more likely to be

currently threatened, possibly reflecting the difficulty

of maintaining large populations on specialized food

sources in a greatly reduced habitat area [44]. As a

result of extensive habitat loss, some populations of

native NZ birds with specialized diets can only sustain

recruitment when reintroduced to the mainland if their

diets are supplemented [69,70].

Temporal patterns of extinction risk may alter the

composition of an assemblage significantly, an effect

known as an extinction filter. Extinction filters can alter

patterns of extinction in subsequent periods, making

species with particular characteristics appear resilient to

a threat they have faced before [21]. Large body size is

commonly found to be associated with high extinction

risk in mammals [4,71,72] and birds [3,41,44], and

there are a range of plausible mechanisms by which

large size may confer elevated risk, including increased

hunting pressure and lower rates of population increase

[4]. However, large body size is not a predictor of current

extinction risk in NZ birds. Extinctions in the post-

Polynesian period (E2) were significantly skewed towards

larger species, to the extent that all of the largest bird

species (greater than 9 kg) became extinct, clearly visible
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as a truncation of the right hand tail of the body size distri-

bution between E2 and E3 (figure 2). After the largest

species disappear from the assemblage, there is no longer

any detectable influence of body size on extinction risk.

Because there is also a change in the predominating threa-

tening processes between periods, we cannot attribute with

certainty the changing effect of body size to an extinction

filter effect. But the lack of a current association between

body size and extinction risk may be partly the result of

the extinction of large species during the period of heavy

hunting pressure after human arrival in NZ. Body size

extinction filters have also been suggested to operate in

other faunas where large size may have predisposed species

to extinction in the past [4,58,73,74].

An additional explanation for the finding that current

correlates of extinction risk do not correspond to patterns

of past extinctions is that measures of contemporary

extinction risk, typically based on range restriction and

population decline, may not accurately reflect patterns

of absolute extinction. For example, ground-nesting

species, which are the most vulnerable to introduced pre-

dators, are more likely to be currently threatened (E4).

But there have not been significantly more ground-

nesting species driven to extinction in the period since

these predators were introduced (E3). One possible

explanation is that predators significantly reduce the
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populations of ground-nesting species but many vulner-

able species have escaped absolute extinction by

persisting in small numbers in protected areas, such as

offshore islands [75].
5. CONCLUSIONS
The study of correlates of extinction risk has gained much

momentum in the past decade, and is increasingly being

applied to prediction of future population declines. In

particular, it is hoped that by illuminating patterns of cur-

rent threatened species it will be possible to identify

species at risk of future declines so that pre-emptive

action can be taken [3,11,12]. However, we have shown

that both the selectivity and the biological correlates of

extinction in the NZ avifauna have varied across different

periods, characterized by changing human impact. This

result is important because changing drivers of extinction

are often assumed, but have rarely been demonstrated

to be statistically significant and beyond the effect of

taxonomic bias or phylogenetic non-independence.

Extinction filters may have also contributed to varia-

tion in extinction correlates over time by removing

vulnerable species from the assemblage, in particular

the extinction of all of the largest species following

human arrival in NZ. These findings demonstrate that

patterns of current extinction risk in a contemporary

fauna do not necessarily reflect patterns of extinction in

the past. This finding has important implications for the

growing number of studies that explain past extinction

patterns or predict future species losses based on current

species declines.
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