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M�aori Population Growth in Pre-contact
New Zealand: Regional Population
Dynamics Inferred From Summed
Probability Distributions of
Radiocarbon Dates
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Department of Archaeology, Anthropology and Forensic Science,

Bournemouth University, Poole, UK
2
Department of Archaeology, University of Cambridge, Cambridge, UK

ABSTRACT

Past population dynamics play a key role in integrated models of
socio-cultural change in Polynesia. A key aspect of these models is the
interplay between food production and population growth. Located on
the margins of Polynesia, New Zealand presented considerable chal-
lenges to traditional Polynesian food production, many crops were not
successfully established and those that were produced greatly reduced
yields. However, despite the hurdles to food production and the likely
influence on population, little empirical analysis of M�aori population
has been carried out in New Zealand. Here, we use summed probabil-
ity distributions of radiocarbon dates (SPDRD) to show clear regional
and local variation population dynamics. Specifically, we find popula-
tion in the optimal horticultural zone follows a logistic pattern of
growth, while in the sub-optimal zone both a modified logistic curve,
representing slower growth than the north, or a “stepped” pattern are
supported. In the non-horticultural south our results concur with previ-
ous studies that suggest population rapidly grew and then declined as
faunal resources diminished. Finally, our analysis of local-scale growth
showed considerable heterogeneity within the horticultural zone and
homogeneity in the southern hunting region. This suggests that
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population trends were similar in southern areas, but finer-grained
models are required for horticultural communities. Crucially, our
results are empirically derived and can be placed within an absolute
chronological context allowing further investigation of key trends.

Keywords Demography, Polynesia, New Zealand Archaeology, Summed Probability

Distributions of Radiocarbon Dates

INTRODUCTION

Population size, density, and dynamics
have long occupied a central stage in the
anthropological and archaeological
debates, from early conflicts between
Malthusian and Boserupian views on carry-
ing capacities (Lee 1986), to the more
recent dispute on their role in explaining
cumulative cultural evolution (see Henrich
et al. 2016 and Vaesen et al. 2016).
Demography has also been identified as a
catalyst for a wide range of social behav-
iors, including group fission/fusion dynam-
ics, changes in land tenure systems, and
inter-group conflict (Crema 2014; Kelly
2013; Turchin 2005). Reconstructing past
demographic patterns thus is an important
component in developing integrated
explanations of long-term change in the
archaeological record (Shennan 2000).

Polynesia is a region in which the
importance of population dynamics in
socio-cultural change is well recognized
(e.g., Kirch 1984; Kirch and Rallu 2007
[and references therein]; Puleston and
Tuljapurkar 2008). Kirch (1984:103) pro-
posed a range of population growth scen-
arios for Polynesian islands from which a
generalized logistic pattern is most widely
applied (Figure 1A). This pattern consists
of a small founding population, which
underwent rapid demographic expansion,
fueled by the exploitation of pristine envi-
ronments rich in wild resources (Anderson
2002; Walter et al. 2006). These resources
supplemented limited returns during the
establishment and transition to food-pro-
ducing economies (Kennett et al. 2006).
Agricultural expansion and intensification
led to further population growth, invest-
ment in landesque capital (Ladefoged and
Graves 2007), and expansion of production

into marginal zones (Kirch 1984, 2007b).
Ultimately, when productive and spatial
expansion was exhausted, environmental
constraints and/or social processes
imposed by emerging socio-political
hierarchies led to a reduction in
growth and leveling-off of populations
(Kirch 1984).

Despite the applicability of this model
at a broad scale, it is widely recognized
that feedback loops between ecological,
demographic, and cultural factors led to
unique regional-scale variation in popula-
tion growth and related cultural patterns
(Kirch 2007b; Figure 1). In particular, the
suitability of regional environments for
Polynesian food production and the level
of friction associated with establishing
these systems were key contributors to
population growth patterns (Anderson
2001; Kirch 2007a; Kirch et al. 2004; Lee
and Tuljapurkar 2008; Thomas 2008).
Because of this, the construction of palaeo-
demographic models at a local and regional
scale is a key step in developing a finer-
grained understanding of the past. Such an
exercise is imperative in New Zealand
where conditions bare sharp contrast to
elsewhere in Polynesia and where no reli-
able, empirically based models of popula-
tion growth currently exist.

New Zealand is an isolated landmass
lying across the sub-Tropical to sub-
Antarctic zones, well outside the tropical
climes familiar to its first colonists. New
Zealand’s relatively cool climate was hos-
tile to tropically adapted Polynesian domes-
ticates; many crops species were not
successfully established and those that
were produced greatly reduced yields
(Leach 1984; Walter et al. 2006). The major
impact of such conditions appears to be on
the maximum size of population in New
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Zealand, argued to be around 90,000 peo-
ple ( Pool 2015; but see Chapple 2017),
which represents a population density at
least 10 times smaller than Hawai’i (Kirch
1984). This low population density,
coupled with a relatively short sequence
has been suggested as a potential cause of
lower levels of socio-political organization
in pre-contact New Zealand (Kirch 1988).

The large latitudinal range and varied
topography also created differential condi-
tions for crops. Northern New Zealand
(Figure 2) is warmer, less susceptible to
frosts, and is generally regarded as the opti-
mal horticulture zone in the country
(Walter et al. 2006). Central New Zealand
presented cooler, harsher conditions for
tropically adapted cultigens, which necessi-
tated a greater focus on supplementary for-
aging activities throughout the pre-contact
sequence and southern New Zealand has
limited or no evidence for horticultural
activity (Basset et al. 2004; Leach 1984;
Walter et al. 2006). These patterns led to
an extremely uneven distribution of M�aori
population, concentrated in the northern
regions, which is indicative of variation in
population history (Davidson 1984).

Despite these differences, the current
understanding of M�aori population growth
is relatively limited, with generic models
borrowed from tropical Polynesia typically
used. The horticultural zone is treated as
homogeneous in terms of population

dynamics, with a logistic pattern of growth
favored (Davidson 1984; McGlone et al.
1994). The application of the logistic
model is based on two strands of evidence.
The first is an analysis of osteological
material by Brewis et al. (1990), which is
highly problematic due to its use of varia-
bles (e.g., starting population size, length
of prehistoric sequence) and methods
(e.g., counting bone pitting associated with
pregnancy) that, since publication, have
been revised or rejected (Anderson 1991;
Ubelaker and De La Paz 2012). The second
is indirect evidence, such as the develop-
ment of p�a. P�a are fortified sites connected
with defense, group identity, and status
signaling (Barber 1996; Walton 2001).
Their emergence is regarded as a marker
of increased resource competition bought
on by a population at carrying capacity
(Anderson 2016; Davidson 1984; Groube
1970). Thus, the appearance of p�a around
AD 1500 (Schmidt 1996) is used as a tem-
poral marker for the onset of the
“leveling-off” period of logistic popula-
tion growth.

Similar indirect evidence is also used
to infer patterns of population in the non-
horticultural southern zone. Here, archaeo-
logical evidence suggests early sites were
located in rich resource patches where
high-ranking resources (e.g., seals
[Arctocephalus forsteri] and moa [Aves:
Dinornithiformes]) formed the basis of the

Figure 1. Population growth scenarios (adapted from Kirch 1984).
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local economy and fueled early growth
(Anderson and Smith 1996; Smith 2011).
Continued hunting led to decreasing forag-
ing efficiency and eventual abandonment
of one patch for another until resources
were exhausted within the region
(Anderson and Smith 1996; Nagaoka 2002).
The inability to grow tropical Polynesian
crops in the southern region (Basset et al.
2004) meant that this faunal collapse was
potentially catastrophic for local

populations (Anderson and Smith 1996;
Jacomb et al. 2010). Thus, archaeologists
argue that the pattern of population
change may consist of an initial “boom”,
followed by a “bust” after the collapse of
faunal resources (Jacomb et al. 2010).

While indirect evidence allows the
inference of generic patterns of growth
anchored to key events in the sequence, its
weakness is the inability to identify specific
spatio-temporal variations, which provide a

Figure 2. Distribution of sites yielding radiocarbon dates for this analysis and the three eco-

nomic sub-regions of New Zealand used in this analysis.
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nuanced view of past population. Such
variation is not only possible but likely
given variation in economic conditions pre-
sent in New Zealand and the evidence
from historical sources and recent model-
ing of a disparity in the spatial density of
populations (Davidson 1984; McCoy 2017).
This paper uses summed probability distri-
butions of radiocarbon dates (SPDRD) to
develop empirical models of M�aori popula-
tion growth in the southern Polynesian
islands of New Zealand. Using recently
developed quantitative methods (Crema
et al. 2016, 2017; Shennan et al. 2013;
Timpson et al. 2014) we assess the veracity
of the logistic growth model at a national
and regional scale. We then investigate spa-
tial variation in population growth both
with and without the imposition of a priori
regional divisions to develop a multi-scalar
understanding of population growth over
time in New Zealand.

SUMMED PROBABILITY
DISTRIBUTIONS OF RADIOCARBON

DATES IN NEW ZEALAND

This research uses SPDRD to develop prox-
ies for M�aori population. The basis of this
method is the assumption that a relation-
ship exists between the number of dates
and population size (Rick 1987; Shennan
et al. 2013). While the reliability of SPDRD
as a proxy for population change has been
questioned (e.g., Torfing 2015; but see
Timpson et al. 2015), and ideally they
should be part of a suite of independent
proxies (see Downey et al. 2014;
Palmisano et al. 2017), their construction
within an absolute chronological frame-
work makes them exceptionally well suited
for cross-regional studies (see Crema et al.
2017 for review). Moreover, in the absence
of other data (e.g., house floors) in the
New Zealand context, SPDRD are the best
method available to investigate M�aori popu-
lation. One of the major issues in the use
of SPDRD has been the reliance on visual
interpretation of curves, which is problem-
atic and potentially misleading given the
idiosyncrasies of the calibration process

(Contreras and Meadows 2014). To over-
come this issue a number of quantitative
approaches have been recently developed
(e.g., Crema et al. 2016; Shennan et al.
2013; Timpson et al. 2014), which provide
a statistical framework for comparing
observed SPDRD against a variety of null
models selected to address specific
research questions (see below).

Data

To produce our SPDRD a large body of
radiocarbon dates were collected from the
online New Zealand Radiocarbon database
(http://www.waikato.ac.nz/nzcd/) and
from published and gray literature. We
have taken a conservative approach to date
selection, focusing only on charcoal or
wood dates. These materials represent the
remains of activities that occurred consist-
ently throughout the sequence thus avoid-
ing bias caused by changing cultural
behavior (see ESM for more detail).
Available wood and charcoal dates were
screened for reliability prior to analysis.
The 334 dates included in this analysis
were derived from species with a small to
medium inbuilt age (McFadgen et al. 1994)
and secure archaeological context, single
dates from sites were retained for the pur-
poses of this research. Rejected dates
included those derived from species with
high inbuilt age (McFadgen et al. 1994)
and/or dubious context (see ESM for more
information).

While a minimum sample size of 500
dates has been proposed in the past
(Williams 2012), this estimate does not
take into account spatial and temporal
scale (the estimate was based on the assess-
ment of a ca. 40,000 year sequence in
Australia), nor it is based on formal power
analysis associated with specific statistical
tests and null hypotheses. While we are
not able to estimate the precise power of
our analysis (and hence cannot estimate
the probability of accepting a false null
hypothesis) we regard the reduction of
type-I error (i.e., incorrect rejection of a
true null hypothesis) as more closely
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aligned with our objectives. Therefore we
consider a sample of 334 radiocarbon dates
across the ca. 500-year pre-contact
sequence as sufficient.

Regions

To investigate if population dynamics
vary across the economic regions discussed
above we formalized the boundaries of these
regions based on the occurrence and density
of horticultural features (e.g., food storage
pits), which provide a reasonable—if
coarse—proxy for levels of horticultural
food production (Figure 2). The northern
region is defined here as the area containing
approximately 80 percent of recorded pit
sites in New Zealand. The central region is
defined as the remaining areas where evi-
dence of horticulture is present while the
Southern region is defined by the absence of
horticultural features (Basset et al. 2004).
Any bias introduced by the regional classifi-
cation is offset by the use of the spatial per-
mutation test (outlined below), which does
not use a priori regional divisions.

Methods

This paper draws on a range previ-
ously published methods developed to
quantitatively assess SPDRD (Crema et al.
2016, 2017; Shennan et al. 2013; Timpson
et al. 2014). These methods are outlined in
detail in these publications and in the ESM;
here we provide a basic description of the
techniques we employed and their relation-
ship to the goals of this research.

Creating SPDRD

The creation of SPDRD and subsequent
analyses were carried out in the R
Statistical environment (R Core Team
2017) using the rcarbon package (Bevan
and Crema 2017). Multiple dates from a
single context were “binned” to reduce
“wealth bias” (i.e., significant inter-site and
inter-context differences in sampling

intensity); samples from the same site sepa-
rated by more than 100 radiocarbon years
were grouped into separate bins (Table 1).
Dates were then calibrated and pooled
within the bins to ensure archaeological
context contributed only a single date distri-
bution to the overall SPDRD (see Timpson
et al. 2014; Figure S2). Calibration was car-
ried out using the southern hemisphere 13
calibration curve (Hogg et al. 2013); dates
were not normalized in order to avoid artifi-
cial peaks in the SPRD (see Weninger et al.
2015). Finally, the pooled mean probabilities
from the bins were summed to produce an
empirically based SPDRD, which was
smoothed using a 50-year rolling mean.

Model Testing

Our first analysis tests the hypothesis
that M�aori population growth at both a
national and regional scale conforms to a
logistic pattern. Following the procedures
outlined in ESM (Section 2) we statistically
compare the observed SPDRD to the simula-
tion envelopes generated from fitted logistic
models (the null models). Null model enve-
lopes for the first two analyses were based
on 5,000 random permutations. Instances
where the observed SPDRD falls outside the
envelope (red and blue areas in Figure 2 and
Figure S3) are regarded as significant local
departures, while the extent to which the
observed SPDRD differs from the null is
assessed using a global p-value.

Permutation Testing

The second analysis focuses on under-
standing regional variation in population
dynamics (ESM—Section 3). To do this we

Table 1. Breakdown of radiocarbon dates
and “bins” used in this analysis.

Region Dates Bins

Northern 202 132

Central 53 36

Southern 79 48

M�aori Population Growth in Pre-Contact New Zealand
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compare each region’s SPDRD to a null
model representing a proxy of New Zealand
wide M�aori population dynamics. Here, the
null hypothesis is that all regional SPDRD
will have the same shape, indicating they are
derived from the same underlying pattern of
population growth. Thus, any deviation from
the null model (red or blue areas in Figure 3,
Figure S4) can be interpreted as regional vari-
ation in population dynamics.

Spatial Permutation Test

Finally, in recognition of the potential
impact of applying a priori regional divisions
in our analysis, we apply the spatial exten-
sion of SPDRD analysis proposed by Crema
et al. (2017). The spatial permutation test
develops local growth models using a spatial

bandwidth of 100km (see ESM for sensitivity
analysis) and compares this to a null model
representing the growth rate across New
Zealand. As in the previous analysis, the null
model is that growth is spatially homoge-
neous and therefore significant deviations
from the trend are represented by either hot
spots (greater than expected growth) or cold
spots (lower than expected growth). Hot
and cold spots are derived using p-values;
however, due to potential inflation of type I
error derived by multiple testing, we also
provide q-values (false discovery rates; see
Crema et al. 2017 for details).

RESULTS

Before discussing the specific results we
wish to highlight a key trend that aids in

Figure 3. Model tests showing the similarity between observed data and fitted logistic models of

growth. Observed SPDRD for each region shown with a solid black line, fitted null

model (logistic growth) shown with the red dashed line, gray areas represent the confi-

dence envelope derived from the null model. Red and blue bands represent areas

where the observed SPD significantly deviates from the null model (e.g., red areas are

those where regional population exceeds the expectations of the null, blue areas are

those where population is beneath expectations).
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the interpretation of the Figures 3 and 4.
Using the observed New Zealand SPDRD
(Figure 3A) as an example, we can see a
pattern of growth until ca. AD 1500–1550
at which point growth “levels off” and
appears to decline later in the sequence.
We regard this pattern as spurious based
on evidence from the null models, where
the underlying date distribution (dashed
red line Figure 3A) is known to be stable
between AD 1500 and 1900, yet the cali-
brated date distribution (gray envelope
Figure 3A) displays peaks and a decline
matching the observed SPDRD. Thus, we
argue this pattern is the outcome of the
calibration process (see McFadgen et al.
1994) and not as a sign of a weakening
M�aori population at the end of the
sequence (but see the discussion of the
southern region below).

Model testing

The model testing approach was
employed to test if regional population
trends were consistent with a pattern of
logistic growth. The results of this analysis
were mixed. The New Zealand wide
SPDRD (Figure 3A) conforms to the confi-
dence envelope developed from the fitted
logistic model (global p-value¼ 0.2350),
which is characterized by rapid growth
until it levels off around AD 1500. Thus, at
the national scale, we cannot reject the
hypothesis that M�aori population growth
followed such a logistic trend.

The northern SPDRD (Figure 3B)
closely follows the envelope derived from
the fitted logistic model; however, the glo-
bal deviation between the observed and
null models is regarded as significant by
the test (global p-value¼ 0.0002). This is
caused primarily by the higher than
expected probability density of the
observed curve before AD 1400, although
it is worth noting that the remaining por-
tions of the SPDRD fit comfortably within
the simulation envelope predicted by the
logistic growth model, suggesting this
result probably represents a false rejection
of the null.

Figure 4. Permutation tests showing vari-

ation between regional popula-

tion growth. Observed SPDRD for

each region shown with a solid

black line. Gray areas represent

the confidence envelope for the

null model, red and blue bands

represent areas where the

observed SPD significantly devi-

ates from the null model (e.g. red

areas are those where regional

population exceeds the expecta-

tions of the null, blue areas are

those where population is beneath

expectations).

M�aori Population Growth in Pre-Contact New Zealand

579THE JOURNAL OF ISLAND AND COASTAL ARCHAEOLOGY



No significant variation between the
observed data and the null logistic model is
present in the central region (global p-val-
ue¼ 0.0600). However, in this region, the
fitted logistic model has a slower growth
pattern with “leveling off” occurring
around AD 1650–1700 (Figure 3C).
Therefore, while we cannot reject the
logistic model, it is important to under-
stand that the shape of logistic growth is
very different between the northern and
central regions. Inspecting the central
SPDRD, it also appears to form a “stepped”
pattern where population grows to a point,
levels off and then grows again (Kirch
1984:103). However, because these fluctu-
ations are contained within the confidence
envelope, we cannot regard them as signifi-
cant in this instance. It is worth noting that
this region has the smallest number of
bins, and hence we cannot exclude the
possibility that the lack of a significant devi-
ation from the null is the result of
low power.

The southern region significantly devi-
ates from the null (global p-value¼ 0.0196).
Given a qualitative assessment of the SPDRD
suggests a “boom and bust” pattern is more
likely, this result is unsurprising. However,
the result reveals a difficulty with the model
fitting process. Here, in order to optimize
the fit to the data, the null model (dotted
red line Figure 3D) splits the difference
between the early peak and later lower
density in the SPDRD and does not rise to
peak population (ca. AD 1350) and then
level off as we would expect. Were it to do
so it seems certain that much more of the
later end of the SPDRD would fall outside
the simulation envelope.

Permutation Tests

The permutation testing approach
compares regional population growth with
a model representing general growth
trends in New Zealand (i.e., not an ideal-
ized model as in the previous analysis).
Figure 4 shows that all regions significantly
deviate from the null model (global p-val-
ue¼ 0.0000 for all). This confirms that,

despite support for the logistic model at
the national scale, there are significant
regional differences in the timing and
nature of population change.

The northern region (Figure 4A) exhib-
its a significantly lower density of dates in
the early phase until approximately AD
1450–1500 at which point it either exceeds
or is on trend with the pattern New
Zealand wide. This suggests that population
density was relatively low in the early
period and was instead concentrated in the
period after AD 1450 where it was much
denser than elsewhere in New Zealand.

The central SPDRD (Figure 4B) has a
lower than expected density of dates early,
although it is closer to the null model than
the northern region. The initial growth
peaks and levels off at AD 1450 until ca.
AD 1650 where it rapidly grows and levels
off at a greater than predicted density. The
model testing using a smoothed logistic
curve found this pattern could be attrib-
uted to logistic growth; however, the per-
mutation test shows that a mid-sequence
“flattening” of growth, as well as the rise in
population after ca. AD 1650, is significant.
Thus, a stepped pattern of growth can also
be regarded as a reasonable model for cen-
tral New Zealand.

Finally, the southern region shows a
higher density of dates in the early period
of the sequence with a sharp decline after
approximately AD 1450 followed by a lev-
eling off of the population at a greatly
reduced density than that predicted by the
null (Figure 4C). This result is consistent
with a boom and bust scenario, albeit one
where small populations remain in the
region (Hamel 1982).

Spatial Permutation Test

Our final analysis assesses spatial vari-
ation in population growth without the use
of a priori regional classifications, which
we note are coarse and may obscure finer-
grained patterns. Figure 5A shows the pat-
tern of geometric population growth in
New Zealand and the five transitions at
which we measure growth (I: AD
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1200–1300 to 1300–1400; II: AD
1300–1400 to 1400–1500; III: AD
1400–1500 to 1500–1600; IV: AD
1500–1600 to 1600–1700; and V: AD
1600–1700 to 1700–1800). Figure 5B high-
lights the general growth rate at each of
these transitions. The results are consistent
with the expected patterns of logistic
growth—initial rapid growth followed by a
reduction of growth towards zero once car-
rying capacity is reached.

Assessment of the raw local growth
rates across the five-time slices (Figure 6)
shows a clear variation, although, at this
point, the results may be influenced by the
calibration phenomena discussed above.
To overcome this we compare the local
growth patterns to a null model based on
national growth trends (Figure 7). The pur-
pose of this analysis is to identify signifi-
cant positive or negative deviations (hot
and cold spots) from this trend.

Our results (Figure 7) suggest there is
significant spatial heterogeneity in the
growth rates within and between the three
areas defined in previous analyses,
although there is little evidence of spatial

heterogeneity within the southern region.
This may suggest that population growth
in the non-horticultural zone generally fol-
lowed the same trend, but varied signifi-
cantly in the horticultural zone, such that a
basic optimal/sub-optimal division does not
sufficiently capture the variation, particu-
larly during early transitions.

Over the first three transitions, popula-
tion growth is strongest in the northern
half of the North Island, with hot spots con-
sistently present in the Western Bay of
Plenty, Waikato, and Auckland areas (Figure
7). Interestingly, while Northland displays
growth (Figure 6), it is lower than expected
in transition I (AD 1200–1300 to
1300–1400; Figure 7) despite presenting
optimal climatic conditions for crops. This
result may also explain the pattern of
growth in the northern regional SPDRD;
hot spots and on-trend growth areas may
have been significantly tempered by the
Northland cold spot producing a slower
growth pattern than expected. In the final
two transitions (IV: AD 1500–1600 to
1600–1700; and V: AD 1600–1700 to
1700–1800) North Island population

Figure 5. A, the observed SPDRD for New Zealand (thin black line) with a 50-year rolling mean

(thick black line) showing the growth trajectory across each of the transitions (I-V). B,

observed rate of growth at each transition computed from the SPDRD in A.
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appears to have stabilized, with one area of
divergence. This is a hot spot in Taranaki
(Figure 7) which may account for the later
growth of population in the central region
SPDRD. The specific causes of such local-
scale patterns are beyond the scope of this
paper, but should form the basis of
future research.

As already mentioned, the non-horti-
cultural zone (southern region) exhibits
relatively homogeneous population dynam-
ics, with on-trend growth in transition I

(AD 1200–1300 to 1300–1400) followed by
significant decreases in the remaining tran-
sitions. This homogeneity may relate to the
low sample size in the region, but it is also
generally consistent with population
growth followed by decline. These results
suggest an absence of a “boom” or hot
spot in southern New Zealand during tran-
sition I or transition II (AD 1300–1400 to
1400–1500) as observed in our regional
models. Interrogating this result further we
find that, on average, the southern region

Figure 6. Local geometric growth rate for each transition.
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does exhibit higher geometric growth in
transition I (e.g., northern ¼ 0.0103 v.
southern ¼ 0.0179). However, as Figure 8
demonstrates, the lower density of sites in
the bandwidth creates a wider significance
band that incorporates the variation of the
individual local SPDRD leading the model
to regard it as insignificant. Here we see
that growth in the first transition is higher

than the theoretical expectations (dashed
red line) in the three sites but the simula-
tion envelopes are substantially wider for
sites B and C because of the smaller sample
size (i.e., smaller number of sites in the
local bandwidth). This can be overcome by
increasing the spatial bandwidth; however,
this effectively returns us to large-scale
regional analysis.

Figure 7. Spatial permutation test showing areas where growth is significantly higher or lower

than the null. Significance is shown in terms of q-values (more robust against false

positives) and p-values.
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DISCUSSION

This research has developed the first
empirical models of pre-contact M�aori
population dynamics in New Zealand.
Using advanced quantitative methods we
have tested established ideas about the
shape of population growth and their vari-
ation across different economic regions.

The development of local SPDRD has
revealed a diversity of population trajecto-
ries within the horticultural zone that con-
tributes to a fine-grained picture of spatio-
temporal variation in population dynamics.
This can contribute directly to integrated
models of cultural change in New Zealand.

As outlined earlier, while the logistic
model of population growth is widely

Figure 8. Observed geometric growth rates at three locations in New Zealand. Where growth at

a transition falls outside the gray confidence envelope it is regarded as a significant

local deviation from the null.
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applicable to Polynesian societies, it
requires testing due to context-specific
feedback between people, culture, and
environment (Kirch 2007b). The estab-
lished population models in New Zealand
have undergone no such scrutiny, there-
fore our first analysis sought to test if logis-
tic growth was a reasonable model of
growth at a national and regional scale.
Taking the difficulties associated with the
model fitting process into account, our
results largely confirmed established ideas
of M�aori population growth. Specifically,
that logistic growth was a reasonable
model nationally and in the northern and
central regions, which make up the horti-
cultural zone. Despite a smaller sample
size, logistic growth can be statistically
rejected in the southern region where the
SPDRD shows a “boom and bust” pattern
consistent with what is suggested by the
archaeological literature (Jacomb
et al. 2010).

The non-rejection of logistic growth in
the central region provides an interesting
case study of one of the limitations of our
approach. Specifically, we find that a modi-
fied logistic curve with relatively gradual
growth and population peak around AD
1650 cannot be rejected. However, we
note that the smooth growth of the null
model is not replicated in the SPDRD
where a “stepped” pattern is observed.
Therefore, the reason for the non-rejection
of the null may lie in the wide simulation
envelope produced as a result of fewer
data points in this region. Thus, while our
analyses allow the rejection of specific null
models, it does not provide a means to
select the “best” model from a range of
options as offered by other quantitative
approaches (e.g., model selec-
tion methods).

While the above results are a useful
contribution to New Zealand archaeology,
the greater value in our results is the ability
to provide a fine-grained understanding of
spatio-temporal variations in M�aori popula-
tion growth. Focusing first on the southern
region, a clear contrast with the other
zones can be seen. While qualitatively
based, our results appear consistent with

the established “boom and bust” model
(Anderson and Smith 1996; Hamel 1982;
Jacomb et al. 2010). The rapid “boom” was
probably fueled by access to big game spe-
cies. During this period serial over-exploit-
ation led to resource pressure (Anderson
and Smith 1996; Nagaoka 2002).
Decreasing foraging efficiency at sites was
mitigated by the movement to new
patches, so the length of the boom likely
reflects the time it took to “hunt out”
patches within the region. The “bust”
around AD 1400 is broadly consistent with
the timing of faunal collapse in the region.
Smith (2005) suggests seals were extir-
pated in southern New Zealand within 200
years of settlements, while detailed analysis
of moa extinction suggests lowland spe-
cies, which were more easily exploited,
were hunted out within decades and that
the total extinction of all moa in the South
Island occurred by AD 1450 at the latest
(Holdaway et al. 2014). This supports the
idea that resource depression drove popu-
lation decline or widespread abandonment
of the southern region with some low-level
occupation maintained (Anderson and
Smith 1996; Jacomb et al. 2010).

Cross-referencing the growth curves it
is apparent that the northern region exhib-
its growth during the period of decline in
the south, which could be the result of
endogenous growth and/or migration from
the southern region. The arrival of even a
few thousand immigrants (see Holdaway
et al. 2014) could have had a significant
impact on the competition for resources in
the north and may have contributed to the
appearance of pa. However, our data can-
not differentiate endogenous growth from
that which arises as a result of immigration,
and more evidence is required before firm
inferences can be made about the nature of
population decline in the south and its
impact elsewhere in New Zealand.

In the horticultural zone, the two
regions present distinct patterns of growth.
The northern region exhibits a pattern con-
sistent with the generic logistic model out-
lined earlier in this paper. Unpacking this
further, the regional model suggests expo-
nential population growth until ca. AD
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1500 after which growth levels off. The
growth is relatively slow compared to the
southern region where peak density is
reached ca. AD 1350. This pattern is con-
sistent with established scenarios of popu-
lation growth (Davidson 1984; McGlone
et al. 1994) and the expected economic
model of the north. It is argued that north-
ern populations were less reliant or had a
lower degree of access to high-ranking
wild resources, such as New Zealand fur
seal and moa (Allen 2012; Walter et al.
2006), which fueled population growth in
the other regions. Instead, higher tempera-
tures, good rainfall and fewer frost days
per annum—the optimal environment for
horticulture in New Zealand—likely led to
an early focus on establishing crops
(Walter et al. 2006). While optimal in New
Zealand, conditions in the north were still
relatively harsh compared to Polynesia and
it is likely that there was a significant
period of experimentation (Barber 2010)
and an associated lag in returns during the
early period. Moreover, more optimal
returns from food production are likely to
be achieved through positive economies of
scale (i.e., with increasing workforce) and
with productive investment (Kennett et al.
2006), both of which may lead to a slower
growth but ultimately denser populations.

The second part of the logistic model
involves a decrease in growth rate as the
population reaches carrying capacity.
Established models of population growth
in New Zealand infer this leveling-off from
around AD 1500 based on the emergence
of p�a (fortifications) at this time (Davidson
1984; McCoy 2017; McGlone et al. 1994).
Our model confirms the established frame-
works in terms of timing and estimated
higher density in the northern zone.
Understanding exactly what this density
was for analytical purposes (e.g., as a check
of productive capacity estimates) is compli-
cated by uncertainty around projections of
M�aori population size, which, as Chapple
(2017) points out, are currently based on
estimates or methods with little empir-
ical basis.

The central region provides the great-
est deviation from established population

models in New Zealand. While we cannot
reject the logistic model in this region, we
suspect the lower sample size, and there-
fore wider simulation envelope may
obscure more subtle patterns. Indeed the
permutation test suggests a “stepped” pat-
tern of growth is also reasonable model for
the region. The initial growth period in the
central region follows a similar pattern to
the north but levels off earlier and at a
much lower density. Walter et al. (2006)
suggest the horticultural economy in this
zone was marginal and was supplemented
with wild resources. It is possible that, like
the southern region, the loss of game
resources by around AD 1450 (Holdaway
et al. 2014) may have caused growth to
stall, though the presence of horticulture
in this region sustained population, albeit
at a reduced density to optimal zones, after
the loss of big game species. Another possi-
bility is that climatic deterioration during
the middle period of the New Zealand
sequence led to the large-scale abandon-
ment of gardens in central New Zealand as
the southern extent of the horticultural
zone retreated north (Anderson 2014).
While some populations were lost, those in
the northern central region continued,
with the combined pattern leading to the
observed mid-sequence leveling-off of
growth. It is worth noting that these scen-
arios are not mutually exclusive.

A particularly interesting aspect of the
central model is the second growth phase,
which occurs around AD 1650. This
growth may reflect the resurgence of popu-
lations in the northern central region after
successfully adjusting their horticultural
practices to the sub-optimal conditions.
Alternatively and perhaps more convin-
cingly given the rapid nature of the change,
the population growth could be the result
of an influx of people from within the
densely populated and contested northern
region. This later interpretation is sup-
ported by the permutation test, which
shows the greater density of dates in the
central region following a drop in density
in the north (Figure 4). It also matches oral
traditions of population movements to the
South Island and lower North Island during
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the latter part of the sequence (Anderson
2016), and is consistent with emerging nar-
ratives about the complexity of M�aori
settlement history (Maxwell et al. 2018)
and patterns of population expansion from
optimal to marginal environments in
Polynesia (Kirch 2007a). Ultimately,
whether a relatively gradual logistic model
or stepped model is preferred, it is clear
the pattern of population growth in the
central region varies significantly from the
optimal zone, particularly with respect to
the timing of “peak” population.

The central population model demon-
strates the possible implications of greater
demographic understanding in New
Zealand. For instance, it is generally
accepted that p�a emerge as a behavioral
outcome of population density reaching
carrying capacity, which leads to resource
competition and greater inter-group con-
flict (Anderson 2014). Our northern model
suggests maximum population density was
reached around the same time as the com-
mencement of p�a construction in AD 1500
(Schmidt 1996). Yet, in the central region,
peak population density occurs around AD
1650. Therefore, if we are to connect p�a
with populations at carrying capacity, this
result raises the possibility that they were a
later phenomenon in the central region.

McCoy’s (2017) spatial analysis of p�a
dates, hints at some degree of southern pro-
gression of p�a, but in his model p�a appear
concurrently across the North Island,
although this may be due to the use of unfil-
tered dates in the analysis. The clearest hur-
dle to this interpretation is the AD 1500
date advanced by Schmidt (1996). However,
while Schmidt collected radiocarbon dates
from p�a across New Zealand, his reliability
criteria reduced the number of dates down
to 60, all of which were from within the
northern region. Thus, a later date for p�a
construction in the central region is entirely
possible given the current evidence.

Alternatively, the “flat” period of growth
in the central region between AD 1450 and
AD 1650 indicates some form of carrying
capacity was met, which may have elicited a
similarly competitive social arena and the
development of p�a around the same time as

in the northern region. While this extin-
guishes the possibility of a later construction
period it leads to the no less interesting
question: by what mechanism did carrying
capacity increase in the central region?

To this point we have discussed popula-
tion dynamics according to economic regions;
however, given the diversity of environments
within some of these regions and the rela-
tively coarse means by which the regions are
defined, it was useful to investigate growth at
a local scale. The application of the spatial
permutation test (Crema et al. 2017) allows a
greater understanding of intra-regional growth
and the assessment of the regions as analytical
units. With respect to intra-regional growth,
the southern region does not seem to exhibit
spatial heterogeneity in growth. While we
cannot dismiss the fact that this is due to
smaller sample sizes it is worth noting that
such pattern would be consistent with the
economically driven model of population
growth discussed above, whereby food gath-
ering and faunal collapse presented similar
conditions throughout the region. For the
horticultural zone, our results suggest the
broad optimal/sub-optimal divisions of the
northern and central regions obscure variation
in population dynamics, particularly during
the early centuries and within select areas,
such as Taranaki, which exhibits a population
hot spot during the later phase. The exact
causes of these variations are beyond the
scope of this paper; however, there is a clear
need for greater understanding of the local-
scale patterns and their underlying processes,
particularly in terms of the establishment of
horticulture and subsequent human/land-
scape interactions.

CONCLUSION

Population is widely recognized as a key
component of socio-cultural change in the
past. While widely researched elsewhere in
Polynesia, the ephemeral nature of New
Zealand’s archaeological record has made it
difficult to achieve anything beyond gener-
alized demographic reconstructions using
traditional methods. Our results reveal
broad agreement with established
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population models: optimal horticultural
areas display logistic growth with denser
population and probably more complex
socio-political organization, while the non-
horticultural southern region underwent
relatively rapid growth before faunal col-
lapse led to population decline or large-
scale abandonment of the region. While
the horticultural central region is often
conceived as a whole in terms of popula-
tion dynamics, our results showed clear
divergence within the zone, which we
argue relates to the suitability of environ-
ments for horticulture . Finally, our spatial
permutation tests revealed local-scale vari-
ation both between and within regions.
This suggests that, despite their explana-
tory utility, large-scale regional divisions
obscure varied regional trajectories of
growth that have the potential to elucidate
more fully M�aori cultural change in New
Zealand. The investigation of these varia-
tions within the context of broader studies
of human-landscape interaction during the
settlement phase should be a key goal of
New Zealand archaeology.
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