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Population expansion in the western
Pacific (Austronesia): a wave of advance
model

Joaquim Fort!

The author reconsiders the ‘wave of advance model’ used to describe {and partly explain)
the rate at which people adopted farming. It is usually applied to large open areas, where
one population group can casily see or meet another — but the populations considered here
live on islands. Joaquim Fort finds that the 5000 km extent of the South Pacific was settled
in the Neolithic period at a rate of at least 8 km per year.

Keywords: Neolithic, Pacific Ocean, demic, population.

The wave of advance model is based on a mathemarical formula, which was originally proposcd
by Fisher (1937) to explain the spread of advantageous genes. It has been applied to the
expansion of agriculture in Neolithic Europe, leading to the conclusion thar farming originated
in the Near East, from where it spread over Furope ar a speed of abourt 1 km/fvr (Ammerman
& Cavalli-Sforza 1984). Subsequent studies have set out to investigate whether the spread of
agriculture was mainly a demic process (physical diffusion of human populations), as opposed
to a purely endtural process (diffusion of ideas berween neighboring populacions) (sec Gkiasta
er 2l 2003). The present paper further investigates the way that the model reports changes in
culrure and population, by applying it to island communities in the western Pacific. The
investigation concerns the Neolithic expansion in western Occania {Austronesia) as indicared
by Lapita pottery and its derivatives. This expansion is also equared to the cxpansion of
population and farming, and in this case, given the distances involved, the expansion is
cerrainly demic, involving the movement of people across the sca. The fact that the populations
musc farm islands of land separated by sca poses an interesting problem.

Character of the wave of advance model

The intuitive basis for the wave of advance model is as follows. To understand the development
of agriculture in the place where a population lives, one needs to take into account two
factors; mobilicy and reproduction. If individuals move, the area occupied will increase in
time, and if a population reproduces very quickly its geographical expansion will be tasrer,
because there are more individuals to disperse. Mobility is usually represented by che symbol
m, whereas reproduction is taken into account by means of a parameter with the symbol a.
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Population expansion in the western Pacific (Austronesia)

These symbols will be explained in more detail below.

The wave of advance model has been recently refined (Fort & Méndez 1999a; 1999b) by
taking into account (i) that it is currently applied to two-dimensional population expansions,
and (ii) the effect of the diffusive delay due to the mean generation time 1. The predicted
speed is (Fort & Méndez 1999a)

—
N am

b (1)

1+ =
2

where the reproductive parameter « is usually called the initial growth rate of the population
the mobility 7 is the mean square displacement per generation, and T is the mean generation
time (mean age difference between parents and their progeny). The reason why T appears in
Equation (1) is thar usually sons have to grow before they leave their parents. Note thar if this
point were neglecred (i.e., if T were assumed so small that it can be approximately set equal to
zero), then Equation (1) would become v=~am. This is almost the formula used by
Ammerman and Cavalli-Sforza (1984: 68), namely v = 2am . The only additional difference
is the factor 2, and is due to the following point. It has been shown (Fort & Méndez 1999a)
v= -Jr am_ that holds in two dimensions (e.g. the Earth'’s surface), whereas Fisher’s result
v=2vam can be used for populations dispersing in one dimension (e.g. along a coast).
When applied to the European Neolithic, Equation (1) leads to a speed of 1 km/yr, which
agrees with the value observed from archaeological data (Fort & Méndez 1999a).

The theory which leads to Equartion (1) is a straightforward extension of the classical
model due to Fisher (1937) and widely used in ecology (Shigesada & Kawasaki 1997; Turchin
1998; Williamson 1996). In both cases, one assumes a tabula rasa, or level playing field, in
the sense that all areas of two-dimensional space are assumed equally suitable in principle for
the settlement of human populations. This provides a macro-model, an approximation to a
large-scale, space-averaged description of the observed clustered distribution of sites
(Ammerman 2001). At a small scale, the habitat will not be homogenous, and we need to
take account of the inevitable local ecological variation which is almost universal and affects
specific local choices. Such ‘micromodels’ propose movement between one acceprable niche
and another, as in the ‘saltatory jumps’ of Van Andel & Runnels (1995), or the ‘leapfroggings’
of later authors. As far as this author knows, no micromodel has yer offered quantirarive,
numerical predictions for the speed » in km/yr. As Bar Joseph (2001) clearly states, “The two
models have a common denominator and are essentially the same. The ‘wave of advance’
draws the large picture and the average rate of movement while the ‘saltatory jumps’ deals
with the detailed reality’.

For mainland expansions, the first atctempts to predict the expansion speed were based on
discrete models (Birdsell 1957). In this context, discrete means that one distinguishes berween
suitable and unsuitable areas for settlement. But in such models one needs to assume specific
numerical values for the number and size of the ‘colonising” groups, the critical population
density among which some individuals leave the territory in search of virgin lands, etc. (Birdsell
1957). Therefore, although discrete models are more detailed, they have the very important
drawback that many parameter values are needed, which are very difficult to estimate in
practice (Birdsell 1957).
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The macromodel provided by Equation 1 is thus more practical, and, in che case of the
spread of furming in Europe, it yields good agreement to the speed inferred from che dating of
archaeological sites (Fort & Méndez 1999a; Ammerman 2001). The model enshrined in equartion
1 was successfully applied very recently o explain the expansion of a complerely different kind
of biological population, namely 17 viruses in a medium composed of agar and ¢. colf cells
(Fort & Méndez 2002). For a wide range of cell concentrarions, the wave-of-advance speed
predicted by such a continuous model was in agreement to that observed in laboratory
experiments. This gives additional support to the approach we shall apply below.

Application to island populations

Since macro-models incorporate and average out the many jumps involved, it is reasonable
to apply the same equation to island expansions, such as thar in western Oceanic region
(Figure 1). In the case of island expansions, sertlements cluster on islands with large areas of
sea between them (see Figure 2). This is analogous in practice to mainland expansions, where
sertlements are clustered near aquifer resources, while large forest areas remain unsettled
{Ammerman 2001). The problems of applying the refined Equarion 1 to island communiries
are therefore to some extent already present in mainland areas.

Although in Figure 2 we have only drawn long jumps for the sake of clarity, equation (1)
was derived by considering an arbitracy distribution of jumps (i.e., travel distances; Fort &
Méndez 1999a). There is no need to assume thar all jumps are of equal length. Indeed, it
would be questionable to do so, since often children stay ac home with their parents, so that
the jump length of some ‘jumps’ vanishes, whercas the mean or average length does not.
Therefore, the model also allows for jumps inside an island (‘terrestrial spread’) in addirion
1o inter-island, ‘sea jumps’ (such as that drawn in Figure 2}. The mobility parameter 7z takes
care of all such jumps in an averaged, macroscopic way (Fort & Méndez 1999a).

We believe thart the archaeological dara for the Neolithic expansion in western Oceania are
already sufficiently numerous and accurate to calculate an order of magnitude for the speed
of population expansion. We will try to answer the following questions: (i) Whar do
archaeological data tell us about the speed of this process? and (ii) Can we explain why the
speed has the value thus determined, instead of a different one? We will use anthropological
data to suggest that there was a higher mobility among Oceanic than among than European
Neolithic populations, and we will conclude that the speed of advance was conscquently
higher.

[n order to use Equation (1) for the Neaolichic expansion in Ocecania, we need to evaluate
the parameters @, T and m.

Let us first discuss the initial growth rate a. It is very interesting thar almost exactly the
same growth curve has been obtained for two human popularions which sectled in empry
space (Birdsell 1957}. One of these sers of darta refers to the Oceanic island of Piccairn, and
che orther one 1o the Bass Strair Islands (between lasmania and Australia). The agreement of
both curves (Birdse!ll 1957: Figure 1) is remarkable if we take into account that these
geographical areas are scparated by some 10,000 km, and that there is a time interval of
about 100 years berween the periods during which both dara sets werc recorded. This leads
to the value 0.032 £ 0.003 yr', which has been used and discussed in more detail elsewhere
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(Birdsell 1957; Ammerman & Cavalli-Sforza 1984: 71; Fort & Méndez 1999a).

Next we turn to the value of the generation time T, i.e. the mean time berween the birth
date of a person and that of one of her/his daughters or sons. Values of T in the range from 25
to 30 years have been often used for Neolithic populations (Ammerman & Cavalli-Sforza
1984: 155-156; Fort & Méndez 1999a). However, some authors have proposed T = 20 yr
for Oceanic pre-industrial populations (sce Kaeppler (1978: 248); Kirch (2000: 96)). Although
such a low value seems unlikely, for our purposes we do not need a very narrow range of
values for T. Therefore, we will allow for the range T = 25 £ 5 yr in our estimations below.
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Figure 1. Map of Oceania. Triangles denote Lapita and related archacological sites. Circles are sites corresponding to the
expansion of Austronesian speakers beyond Samoa and Tanga. The geographical pasition and settlement dates of these sites have
been wsed in Fignure 2 for the computation of the speed of the wave of advance. The additional, non-Lapita Micronesian
expansion is not included becanse it was apparensly delayed (for explanations based on environmental factors, see Kirch (2000:
174) and frawin (1992: 99)). Similarly, linguistics points to a previous expansion from mainland China, across Taswan and
the Phillipines (Bellwood 1997; Gibbons 2001; Gray ¢ fJordan 2000), but it is not incinded becawse the correiponding
archacological settlement dates are not numerous and accurate enough ar present and because their relarionship with the
Lapita culture is not well-established (Gibbons 2001). Also, Genetics has arisen some debates on the reality of this earlier
expansion (Oppenheimer ¢ Richards 2000; Diamond 2000; Gibbons 2001). The references where radiocarbon dates were
reporteed can be found in Table 1. Some nearby sites appear under a single number (numbers 2and 13 in the figure), but are
considered separately in Figure 2. Distances inferved from this map are only approximate because of the Earsls curvaruire; we
have computed the precise distances corresponding to great circle routes and used them in Figure 2. 1. Mussau; 2. Diake of York,
Witom: 3. New Britain; 4. Nissan; 5. Santa Cruz: 6. Vannarw; 7. New Caledonia; 8. Layalty: 9. Fiji; 10. Fusuna; 11.
Hatapaiiz 12. Tonga; 13. Samoa, Ninatoputapu: 14. Societies; 15. Pukapuka (Cooks); 16. Marquesas; 17. Piscairn; 18
Easter; 19, Hawaisan Ilands; 20. Fanning: 21, New Zealand.
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Figure 2. Comparison beqween mainland and island population movements. In both cases, areas suitable for agriculture are
separated by vast distances (d « D). This is why we argue that the wave of advance model is applicable 1o otk cases.

Finally, we need a range of values for m, the mean squared displacement per generation.
There are few anthropological data on diffusion for pre-industrial farming populations, not
only from Oceania but also from elsewhere. This is why  is usually estimated by allowing
for a wide error range (Ammerman & Cavalli-Sforza 1984: 79-80). Here we use only data
from Oceania, because typical diffusion distances of island populations may be expected o
be rather different from those for mainland populations.

There is ample evidence that pre-industrial Oceanic societies were not closed worlds but
interacted strongly with societies from other islands (Kaeppler 1978; Kirch 2000; Weisler &
Kirch 1996) and a relatively high estimate for mobility can be supported by archacological
and anthropological data. Prehistoric basalt adzes are documented as moving berween
settlements in Polynesia ranging from 100 to 1600 km or more apart (Weisler & Kirch
1996; Kirch 2000). Long-distance, inter-island and inter-archipelago exchange networks are
well-documented for Melanesia, Micronesia and Western Polynesia previous to European
contact (Kaeppler 1978; Malinowski 1922; Weisler & Kirch 1996). Ethnographic studies
suggest an order of magnitude of about 4= 100 km for inter-island diffusion (Mead 1930;
Weisler & Kirch 1996). Malinowski (1922) reported migrations from the Trobriand islands
to Dobu near Eastern New Guinea (with distances & of up to 150 km), as well as frequent
migrations within the Trobriands (d <60 km) and from the Marshall-Bennets into the
Trobriands (&= 100 km). Parkinson (1986) described the immigration of about 110 people
into Ontong Java (in the border between Melanesia and Micronesia) in the period 1880-
1885 from about 500 km away. When combined with the population of Ontong Java at the
time of European contact (Roscoe 1987), this yields an estimate of 550 km for the mean
distance. This is much higher than the distances reported by Malinowski, which is no surprise
because in that case the mean distance from any of the islands considered to the nearest one
is much lower than in the case described by Parkinson. Multiple contact between populations
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in different archipelagoes, with an order of magnitude of 1000 km, have also been proposed
on the basic of genetic studies of animals that accompanied the ancestral human migrants
(Matisoo-Smith er al. 1998). The possibility of long-distance travel has been assessed by
means of computer simulations in which wind and current forces are taken into account
(Irwin 1992) and sailing trials with reconstructed antique canoes have shown that such journeys
were indeed technically possible (Irwin 1992; Finney 1977). It has been argued that after
colonization of new islands and archipelagoes, daughter communities would not tend to
break away but to maintain linkages with their homelands (Kirch 2000).

Since we are interested in analyzing a population dispersal that swept over a distance of more
than 10 000 km (see Figure 1) with islands of varying degree of isolation, it does not seem
realistic to try to determine a very precise, homogeneous value for the mean migration distance.
Therefore, from the anthropological observations above, we will allow for a mean migration
distance in the range from 60 to 550 km/generation. Then, since the mobility 7 is defined as
the mean square displacement per generation, it may be estimated as m = d", which yields
values for m between 3.6 % 10* km and 3.0 x 10* km?*/generation. In comparison, the
corresponding estimations for 7 in mainland populations are from 3.0 X 10? to 2.0 % 10 km?/
generation (Ammerman & Cavalli-Sforza 1984). All of these considerations are consistent
with the fact that the range of values for m, as estimated above, is higher than the corresponding
range for mainland populations.

Research

Results

Using the values @ = 0.032 yr' and T = 25 yr into equation (1), we predict a speed V in the
range from 1.5 to 14 km/yr (obtained for m = 3.6 X 10* and 3.0 x 10° km*/generation,
respectively).

Figure 3 shows the archaeological data in comparison to our theoretical prediction. Distances
will not be exact because the actual routes may have been chosen on the basis of winds,
currents and seasons. For the Lapita sites (triangles in Figure 3), distance is computed from
the oldest site so far known (Mussau). For the subsequent expansion (circles in Figure 3),
one may similarly determine distances from the earliest site (Northern Coo ks) or, alternartively,
from the Eastern Lapita site (Samoa). We follow the later procedure, since Austronesian
populations east of Samoa necessarily came from the west. Let us mention, however, that we
have checked that both procedures give essentially the same plot, and exactly the same
conclusions. Figure 3 includes some broken lines, which are an attempt to represent the
overall process. After an initial expansion, the Lapita culture (triangles) experiences a standstill
of about 1700 years (Kirch 2000; Cann 2000). This was followed by a second expansion
(circles). From the data available at present, we see that the observed speed for the first
expansion is difficult to determine, because it relies heavily on the date of Mussau (the oldest
site, at the lower left in Figure 3). However, note that we can safely infer a lower limit for this
speed, namely 8 km/yr. The thinner broken line in the lower left of Figure 3 has a speed of 29
km/yr. At first sight, one might be tempted to call this the upper limit for the speed. However,
such a conclusion seems questionable since, if the date of Mussau were in substantial error,
even a horizontal line would be consistent with the other data (implying a very rapid process).
Therefore, we have included the thinner line with speed 29 km/yr in Figure 3 only as a guide
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to the eye. What we can infer from this figure is that the speed of the Lapita expansion was
at least of 8 km/yr. This observed lower boundary of 8 km/yr agrees, as far as the order of
magnitude is concerned, with the theoretical speed found above (1.5 to 14 km/yr). We can
see that the rotal distance involved was higher for the Lapita (about 5000 km, from the
triangles in Figure 3) than for the European Neolithic (3000 km), bur the time spent was
much shorter for the Lapita (some 500 years or less, see Figure 3) than for the Europeans
(3000 yr, from Ammerman & Cavalli-Sforza 1984). This difference in the name clapsed is
the source not only of the differences in speed, but also in the error in determining them,
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Figure 3. Estimation of the speed of the Austronesian expansion from the archacological observations (eates in years before
present). Triangles denote Lapita sites. Circles correspond to sites for the subsequent, Eastern expansion (see Figure 1). For the
Lapita expansion (lower left), we infer a speed of at least 8 kmlyr.
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which is higher in the case of the Lapita. Indeed, the time interval corresponding to the
triangles in Figure 3 is so low that a regression analysis yields a very high error (and a very low
correlation coefficient). This is why we have presented only an estimation for the lower
bound of the speed. The new result of » > 8 km/yr is interesting, however, because it shows
a major difference with the European Neolithic and also because it is consistent with the
predicted range for the speed (1.5 to 14 km/yr).

The dates of the second expansion (circles in Figure 3) fall in a narrow range (150-yr
width), except for the Marquesas and New Zealand (the latter was probably colonised after
some delay: this is not surprising since it involves a major jump, see Figure 1). Therefore, this
second expansion seems extremely fast. But on the other hand, the two data outside the 150-
yr range are in the middle of the others. In contrast with the Lapita expansion (triangles), it
does not seem possible at present to determine a numerical bound for the speed of the
second expansion, because of the relative positions and high dispersion of the circles in

Figure 3.

Table 1. Dates, distances and sources of the sites used in Figures 1 & 3.

Number in km from yr
LAPITA Figure 1 Mussau B Sources
Mussau 1 0 3550 Kirch (2000)
Warom 2 416 2900 Kirch {(2000)
MNew Britain 3 512 3100 Kirch (2000)
Duke of York 2 442 3000 Kirch (2000)
Missan 4 G616 3000 Kirch {2000)
Santa Cruz 5 2029 3200 Kirch (2000)
Vanuatu 0 2490 3100 Kirch {2000)
Loyaley 8 2958 2800 Sand (1997)
MNew Caledonia 7 2745 2950 Sand (1997)
Fiji 9 3570 2750 Anderson & Clark (1999)
Tonga 12 4368 3100 Kirch (2000)
Futuna 10 3981 2800 Kirch (2000)
Ha'apai 11 4416 2825 Burley er al. (1999)
Samoa 13 4553 3000 Kirch (2000}
Miuatoputapu 13 43006 3000 Kirch (2000)

MNumber in Km from yr
NON-LAPITA Figure 1 Samoa BP Sources
Rakahanga (N.Cooks) 15 760 1200 Spriggs & Anderson (1993)
Aituraki (5. Cooks) 22 1460 1200 Spriggs & Anderson (1993)
Societies 14 2247 1325 Spriggs & Anderson (1993)
Marquesas 16 3424 1550 Spriggs & Anderson (1993)
Pitcairn 17 4445 1200 Green (2000)
Easter 18 6530 1200 Spriggs & Anderson (1993)
Hawaiian [s. 19 4148 1250 Spriggs & Anderson (1993)
MNew Zealand 21 3507 750 Anderson (1991)
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Critique

More precise determinations of the speeds may become possible after more accurate and
numerous archaeological data become available. It would also be interesting to make further
refinements of our theoretical compurations for the speed by measuring dispersal distance
distributions for pre-industrial agriculturalists in islands of varying sizes and isolations. This
point deserves an additional comment. Here, we have estimated the numerical value of m by
means of the approximation m =&, and used for & typical values for the distance per generation.
More precise determinations would be based on averaging, i.e. using
m=fid?+ f,d? + ..., where f] is the frequency of distance &, per generation, etc. (f, is the
number of observations of &, divided by the rotal number of observations). This procedure has
been used for mainland pre-industrial farmers (Ammerman & Cavalli-Sforza 1984: 155). So
far, I have not been able to find such derailed data for iskend pre-industrial farmers, thus I have
had to approximate m = 4. For all these reasons, this paper should be regarded only as a first
step, which outlines the methodology that can be used in future studies if more derailed diffusion
data become available. Indeed, I would like to stress that the diffusion parameter m is not
expected to be homogeneous because the mean island size and degree of isolation is not the
same throughout the Pacific. This will lead to different values for the predicted speed at different
geographic areas (e.g. for a faster speed for the circles than for the triangles in Figure 2).

The arrival of people in the model is based on the appearance of pottery (Lapita) associared
with farming. However, genetic evidence points to the mixing of the Neolithic populations
with pre-existing hunter-gatherers populations in Melanesia (Oppenheimer & Richards 2000;
Gibbons 2001). In Western Oceania too the interaction with hunter-gatherers may be
important (Bellwood 2000). Although models exist (Rendine, Piazza & Cavalli-Sforza 1986:
Méndez, Fort & Farjas 1999, Sec. V), the estimation of a parameter or set of parameters
characterizing the degree of interaction between farmers and hunter-gacherers remains unclear
(for recent work see Gkiasta er al. 2003; Bentley er al. 2003). At present, we can only say that
a varying degree of mixing may lead to local perturbations to the rate of spread. This point is
only relevant for thar region that had earlier populations, so that in the present case it would
not apply beyond the Solomons (Bellwood 2000). Therefore, beyond number 4 in Figure 1,
we would not need to consider any interaction between farmers and hunter-gatherers (as has
been assumed overall in this paper).

Conclusion

It may be concluded that the wave-of-advance model is suitable not only to describe and
explain the observed speed of the expansion of European farming (Ammerman & Cavalli-
Sforza 1984; Fort & Méndez 1999a; 1999 b) buc also that of the Austronesian population
expansion. The present treatment shows that a continuous demic diffusion model can cover
also models of “saltatory jumps’ and ‘leapfrogging’ suggested by other authors (above). In the
case of the spread of farming berween islands, we can be sure that the mechanism was demic,
rather than cultural. In view of the uncertainties explained above, the order-of-magnitude
agreement berween the theorerical speed range (1.5 o 14 km/yr) and the observed lower
bound (v > 8 km/yr, from Figure 3) is rather satisfactory. Changing the values of # and T
above yields essentially the same predictions (Tables 2 and 3). The refined equation (1)
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Table 2. Effect of the population initial growth rate # on the prediction for the speed v of the
Austronesian expansion (generation time T = 25 yr).

a=0.029 yr' a = 0.035 yr'
m = 3.6 x 10" km*/generation v = 1.5 km/yr v = 1.6 km/yr
m = 3.0 x 10° km*/generation v =13.7 km/fyr v =14.3 km/fyr

Table 3. Effect of the mean generation time T on the prediction for the speed v of the Austronesian
expansion (initial growth rate & = 0.032 yr' ).

T=20yr T=30yr
m = 3.6 % 10* km*/generation v = 1.8 km/yr v = 1.3 kmlyr
m = 3.0 x 10° km*/generation V = 16.6 km/yr v=12.1 km/yr

seems to serve an island expansion as well as a mainland expansion, and shows that the
former was much faster. This may be explained by a much higher mobility, as suggested by
anthropological data.
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