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PRQIECT DESCRI PTI ON
Human Ecodynamics in the Hawaiian Ecosystem from 1200-200 yr B.P

I. RESULTS OF PRI OR NSF SUPPORT

A. Prior NSF Support to Patrick V. Kirch, Principal Investigator: 1. NSF
Grant No. SBR-9805754, Total $132,897, 6/1/98-5/31/01. 2. Project Title: The
Dynam cs of Econom ¢ and Sociopolitical Structure in Late Prehistoric

Hawai 'i: An Energent 'Archaic State', Phase Il. 3. Sunmary of Results: This
project continued a long-term nmulti-institution investigation of late
prehistoric transformati ons in Hawaiian econonic and sociopolitica
structures. Fieldwrk concentrated on two traditional Hawaiian |and units
(ahupua' a) in Kahikinui district, Maui, totaling 8 sq. km, with 1,789
archaeol ogi cal sites recorded in a G S database. Main results include: (1)
Chronol ogy of |and use established through 120 14C dates, also providing a
proxy neasure of popul ati on change in late prehistory. (2) Areal excavations
at both commoner and elite residences, yielding fine-scale data on househol d
variation. (3) X-Ray fluorescence (XRF) nethods (Wisler and Kirch 1996;
Wi sl er and Wwodhead 1995) used to source lithic artifacts fromresidentia
sites, providing evidence for inter-territorial exchange. (4) Reconstruction
of pre-contact cultivation activities using archaeobotani cal nethods, as wel
as sedi nentol ogi cal evidence for slope erosion and soil inwash resulting from
a shifting cultivation reginme. (5) Analysis of faunal assenbl ages fromthe
househol d sites revealing differential access to marine resources. (5)
Docunentation of a 3-tier hierarchy of tenple structures (both in size and
architectural conplexity), and of a pattern of tenple distribution
correlating with sub-ahupua'a units. (6) Analyses of macro- and

m crobot ani cal renains (carboni zed wood, opal phytoliths, pollen), outlining
significant environnmental changes (e.g., clearance of open canopy forest in
the mid-altitude zones) that acconpani ed Pol ynesi an expansion. (7) The
project has contributed to human-resources devel opnment by including 5
undergraduate and 4 graduate students in various aspects of field and

| aboratory research; of these 9 students, 6 are wonen and 1 is Native
Hawai i an; three doctoral dissertations will be based on project results (C
Van G lder, J. Coil, L. Holm. 4. Selected Publications Supported by SBR-
9805754: Kirch (1998); MIllerstromand Kirch (in press); O Day (subnitted);
Stock, Coil, and Kirch (submtted). 5. Available data, sanples, physica
collections: The project has generated databases stored primarily in digita
formas a series of M5 ACCESS, AutoCAD, and ArcVIEWfiles at the

Archaeol ogi cal Research Facility, UCB. These databases will be extensively
utilized in the research proposed here. 6. Relation of Conpleted Work to this
Proposal : The proposed research will continue our field studies in KahiKkinui

by incorporating the results of archaeol ogi cal and pal eoecol ogi ca
i nvestigations with new perspectives and research questions, deriving from an
explicitly interdisciplinary perspective.

B. Prior NSF Support to Peter Vitousek, Principal Investigator: 1. NSF G ant
No. DEB 96-28803, Total $599,998, 9/1/96-8/31/99. 2. Project Title:
Interactions of N, P, and Ot her Elements During Long-Term Soil and Ecosystem
Devel opment. 3. Summary of Results: This project evaluated how the
flexibility of element cycles in forest ecosystens contributes to nutrient
limtation. The underlying hypothesis was that the elenment with the | east
flexible cycle, rather than the one in shortest supply instantaneously,
limts ecosystem processes in the long term W eval uated several nechani sns
controlling flexibility, including biochem cal versus bi ogeochemn ca

m neralization (A ander and Vitousek 2000), nutrient limtation to
deconposition and its effects on rates of nutrient circulation (Hobbie and
Vit ousek 2000), and the regulation of N fixation (Vitousek and Field 1999,

Vi tousek and Hobbie 2000). In addition, we tested the Wal ker and Syers (1976)
theory for nutrient supply during long-termsoil and ecosystem devel opnment
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(Vitousek and Farrington 1997), and put together a new synthesis of el enent

i nputs (Chadwi ck et al. 1999). This funding contributed to the thesis
research of eight Ph.D. students and one postdoctoral fellow, so far it has
hel ped to support 36 journal publications. 4. Selected Publications supported
by DEB 96-28803: Vitousek and Farrington. (1997); Austin and Vitousek (1998);
Chadwi ck et al. (1999); Vitousek and Field (1999); Hobbie and Vitousek
(2000); d ander and Vitousek (2000); Vitousek and Hobbie (2000); Treseder
and Vitousek (in press).

C. Prior NSF Support to Shripad Tuljapurkar, Principal Investigator: 1. NSF
Grant No. DEB 96-96219, Total $113,924, 8/20/96-2/28/99. 2. Project Title:
Mat hemati cal Moddel s of Dynamics and Evolution in Structured Popul ations. 3.
Summary of Results: Devel opment of theory of tine-varying denography;

conpl eted editing of book on structured popul ati on nodel i ng net hods;
additional work on life history evolution, including senescence, reproductive
effort, and evolution of |ife cycle delays. Human resources: coll aboration
with several scientists including graduate students and postdocs; conpl etion
of book now often used for nodeling nethods. 4. Selected Publications
Supported by DEB 96-96219: Tuljapurkar and Caswel | (1997); Tuljapurkar
(1997); Li and Tuljapurkar (1999a, 1999b), Tuljapurkar and Wener (2000);
Orzack and Tul japurkar (in press).

D. Prior NSF Support to Aiver A Chadw ck and Peter Vitousek: 1. NSF G ant
No. ATM 9807631, Total $83,583, 6/1/98 - 5/30/01. 2. Project Title: Sources
and fates of ecosystemnutrients across the Hawaiian |Islands. 3. Sunmary of
Results: The goals of this project is to understand the evolution of nutrient
cycling in soils in tropical volcanic ecosystens as a function of tine,
climate and | andscape position. W have used geochemical (isotopic and trace
el enent) and nmineralogical tracers to quantify marine and mineral aeroso

i nputs over tine, and plant uptake of various nutrients (P, Ca, Si).

87Sr/ 86Sr data denpnstrate that Hawaii an ecosystens becone dependent on

at nospheric inputs for base cations within 20 ka of surface col oni zati on

Over longer tine scales (106 yr), eolian P becones the najor source of
avai | abl e phosphorous. W established a detail ed chenical, mneral ogical

and i sotopic mass bal ance for the soils in our study areas, accounting for
mass | oss via | eaching and additions fromm neral and sea salt aeroso
deposition. This allows us to estimate integrated aerosol inputs for various
el ements, and determi ne input-output budgets. 4. Publications Supported by
ATM 9816636: Kurtz et al. (2000a, b); Capo et al. (2000); Chorover (1999);
Hot chkiss et al. (2000); MIller et al. (in press); Schuur et al. (in press);
Stewart et al. (in press); Wipkey et al. (2000); Vitousek et al. (1999);
Chadwi ck et al. (1999); Kennedy et al. (1998).

1. DESCRIPTI ON OF PROPOSED RESEARCH

A. | NTRODUCTI ON

We propose an innovative coll aboration anong archaeol ogi sts, denographers,
ecol ogi sts, soil scientists, and pal eobotani sts, nbst with extensive research
experience focused on past and/or present cultural and natural systens in
Hawai 'i. Qur goal is to increase scientific understanding of |ong-term co-
evolutionary interactions between people and their environnents, or what nmay
be terned "hunman ecodynam cs" (Md ade 1995; van der Leeuw 1998; van der
Leeuw and Mcd ade, eds., 1997), and to advance the use of past dynamics as
expl anatory nodels for contenporary gl obal environnmental change. Qur
theoretical orientation is that of ecosystemculture "co-evolution" (Durham
1976, 1991; Butzer 1982, 1996; Kirch 1980). Qur approach offers the rea
advant age of long-term historical data, provided by archaeol ogy and

pal eoecol ogy, conbined with research on ecol ogi cal and denographi c processes
(Redrman 1999).

1. Wiy Hawai (i ? Cceanic islands in general--and the Hawaiian Islands in
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particul ar--of fer unique opportunities for understandi ng the fundanental
nmechani sns underlying di verse areas of study, fromevolutionary radiation and
speci ation (Carson 1986; G vnish et al. 1995; Bal dwin 1998) through ecosystem
ecol ogy and bi ogeocheni stry (Vitousek 1995; Chadwi ck et al. 1999), to the
evol ution of human culture (Kirchl1985, 1997, 2000). These opportunities arise
because islands generally are sinpler than continents in inportant ways, and
yet they are real, dynam c systens that incorporate the essential features of
nmore conpl ex continental systens. |slands thus can be used as nodel systens
for understanding both Iand and culture, in nuch the sane way t hat

Arabi dopsis thaliana is used as a nodel organi smfor plant nol ecul ar bi ol ogy
(Myerowi cz and Sonerville 1994). In our project, we propose to link our
under st andi ngs of the ecol ogy/ bi ogeochem stry and the cultures of Hawai'i, to
turn what has been a useful nodel systemfor each separately into an

unmat chabl e nodel system for understanding their interactions.

2

For understandi ng ecosystens, the extrene isolation and | ow species
diversity, consistent geol ogy and geonorphol ogy, and wi de and wel | -defi ned
variation in climte and substrate age of the Hawaiian |slands allows

i nvestigators to focus on controlling processes with a precision that cannot
be duplicated el sewhere. Environnmental gradients in nean annual tenperature
(from<10-24 C), in annual precipitation (from<200->5,000 ), and in
substrate age (fromhot rock to >4 nyr) are anong the clearest, broadest, and
nost orthogonal on Earth. Hawaiian ecosystens | end thenselves to a

conbi nati on of process neasurenents al ong these gradients (Herbert and Fownes
1999, Austin and Vitousek 2000), ecosysteml|evel experinents (Herbert and
Fownes 1995; Vitousek and Farrington 1997), and sinulation nodels (Raich et
al. 2000), and these techni ques have been used to address fundanmenta
questions fromthe effects of individual species on ecosystem properties
(Vitousek and Wal ker 1989; D Antonio et al. 2000) through how tenperature
controls productivity, deconposition, and C storage (Townsend et al. 1995;
Raich et al. 1997), to the causes, nature, and consequences of nutrient
limtation (Chadwi ck et al. 1999; Vitousek and Hobbi e 2000). Recently,

pal eoecol ogi cal and pal eoclimatic information has further enriched these

anal yses (Burney 1997; Hotchkiss et al. 2000).

The Hawaiian Archi pel ago al so presents an ideal region for understanding
conpl ex interactions between human popul ati ons and their environnents over a
controlled, and relatively short, time scale. Wen the islands were first
made known to Western science, on the fanmous third voyage of Captain Janes
Cook in A D. 1778-79, they were occupied by an isol ated popul ati on of at

| east 450, 000 i ndi genous Pol ynesi ans (Stannard 1989), with an econony based
on conpl ex systens of irrigated and dryland farm ng, aquaculture, and ani nal
husbandry (Al len 1991, 1992; Kirch 1985). Archaeol ogi cal research has
narrowed the tine frane of initial human incursion into the archipel ago,
based on 14C dating of habitation sites and of sediment cores exhibiting
proxy neasures of human presence on the | andscape (e.g., mcrofossi
charcoal, pollen of synanthropic taxa), to ~1200 + 200 yr BP (Kirch 1985,
2000; Athens 1997). These Ancestral Polynesians arrived in Hawai'i
acconpani ed by a suite of commensal and synanthropic taxa (crop plants,
donestic aninmals, weeds, ectoparasites).

It can be inferred that the size of the colonizing human propagul e was small,
probably <200 persons (although periodically added to by additiona

voyagers). Over a period of ~1 kyr, this popul ation of Honb sapi ens grew
logistically in nunmbers to achieve high density |levels (~150-200/kn2 in sone
areas), and extensively nodified the biota and | andscapes of the | ow and
(<1000 m zones of all major islands (Kirch 1982; Athens 1997).
Extinctions/extirpations of endenic avifauna (O son and Janes 1984; Moniz
1997) and of pul nonate nol |l usks (Christensen and Kirch 1986), extensive
deforestation in lower elevations and extinction of plant taxa (Athens 1997
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At hens and Ward 1993; Athens et al. 1992), repeated firing of sone |andscapes
(Kirch 1982), and | ocal erosion and nmass wasting (WIlIliams 1992; Yen et al
1972), along with valley alluviation, have all been clained or docunented on
the basis of extensive archaeol ogi cal and pal eoecol ogi cal data sets. Al ong
with other isolated Pol ynesi an high-island ecosystens (e.g., Kirch 1996
1997a, 1997b), the Hawaiian archi pel ago presents an unparalleled situation
for studying the conplex, non-linear interactions between an invadi ng hunman
popul ation and a "pristine" environnment, w thout prior cultural inputs.

2. A Case of Energent Conplexity. Wat nmakes the Hawaiian case especially
compel i ng for understandi ng human ecodynanmics is that the socio-cultura
system underwent dramatic changes over the sane ~1 kyr tine span, including
energent conplexity in economy, socio-political organization, and religious
i deol ogy. Reconstructions of Ancestral Polynesian society (Kirch and G een
2001) indicate that the col onizing group was structured as a "house-based, "
fluid kin structure, with heterarchical conpetition between |ocal groups,
each associated with its land or estate (Kirch 2000). Roughly 400-600 yrs
after colonization, and within a phase of rapid, |ogistic population growth
and geogr aphi ¢ expansi on, Hawaiian social units underwent variable

amal gamation and dramatic hierarchization (Cordy 1974; Earle 1977, 1978,
1987, 1997; Hommon 1986; Kirch 1990a, 1990b; Sahlins 1958), leading to the
situation at European contact, in which four major conplex polities conpeted
for hegemonic control of the archipelago. This highly conplex, hierarchically
structured society which energed in late prehistory was nmarked by such
features as: (1) ownership of land by chiefly elite; (2) obligatory tribute
or corvée | abor extraction; (3) high degree of econonic specialization; (4)
intensified agricultural and aquacul tural production systens; (4) endemc
conflict focused on defense of or increase in territories; (5) elaboration of
a social hierarchy, including a class distinction between chiefs and
comoners; and, (6) a conplex religious and ideol ogical system (Valeri 1985)
which legitinized the authority of chiefs over resources and | abor.

3. Advancing the Field of Human Ecodynami cs. In short, Hawai'i presents
exqui site possibilities for constraining anal yses of both ecosystem state
factors and human denographi ¢ and economc inputs, as well as cultural and
soci al responses to environnental change. These interactions can be tracked
over atime frame of ~1 kyr, a period sufficient to have wi tnessed the
energence of conplexity resulting fromdynam c coupling of human-natural
systens, while filtering out short-term perturbations. Qur project ains to
make i nnovative use of the Hawaiian possibilities by enpirically tracing the
dynami c histories of coupled human-natural systens in two study areas on the
i sl ands of Maui and Hawai'i. Both regions have benefited from on-going

ar chaeol ogi cal and pal eoecol ogi cal investigations that provide tenporally-
control | ed databases on prehistoric Hawaiian | and use, settlenent patterns,
denogr aphy, subsistence econony, socio-political organization, and ritua
(monunental ) architecture. We will combine this archaeol ogi cal approach with
closely-integrated field, |laboratory, and nodeling studies carried out by our
team of ecol ogi st, soil scientist, palynologist, archaeobotanist, and
gquantitative denmographer. We anticipate that this unprecedented integration
of approaches will yield new insights into the conplex and nonli near

rel ati onshi ps between human popul ati ons practicing conplex strategies of |and
use and resource exploitation and ecosystem dynami cs over tine frames of
several centuries.

Whil e building on substantial prior research by each of us into rel evant
aspects of the problem the active integration of several disciplinary

t heoretical perspectives and nethods will allow us to nove beyond a
descriptive, qualitative "historical ecology" (Kirch and Hunt, eds., 1997)
towards testable, dynami c, quantitative nodels that incorporate feedback
processes; thresholds and nonlinearities; selection, risk, uncertainty, and
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vulnerability. We will build nodels at all |evels--conceptual, mathematical
and comput ational (simulation)--and use these to test a series of specific
hypot heses regardi ng the |inkages between an (initially) expandi ng human
popul ati on, a | andscape of conpl ex bi ogeocheni cal nopsaics, and specific
cultural behaviors such as the increased inposition of control hierarchies,
i ncreased scal e of organization, or forms of territorial conpetition. W
anticipate that this research will be of wide interest, both for its

t heoretical and nethodol ogi cal innovations and insights, to a range of

di sci plines including ecol ogy, anthropol ogy, archaeol ogy, denography, and
bi ogeography, anobng others. Theoretical contributions anticipated fromthe
project nay prove to have inplications for how we think about sustainability
(NR C 1999).

B. RESEARCH STUDY SI TES AND ARCHAEOLOG CAL DATABASES

In The Anthropology of H story Kirch (1992) argues that peripheral or
mar gi nal regions--those nost susceptible to risk and uncertainty--are often
the best localities in which to study periods of rapid cultural and

ecol ogi cal change. W will focus on two study areas, whose hunman settl enment
histories are fairly well resolved through prior archaeol ogi ca

i nvestigation, and which were relatively resource-restricted, fromthe point-
of -vi ew of Pol ynesi an col onists. Both areas began to be exploited and
occupi ed by small human groups during the Expansion Period (A D. 1100-1650)
of the Hawaiian cultural sequence (Kirch 1985, 1990, 2000). This phase was
characterized by an archi pel ago-w de popul ati on increase, at an exponenti al
growh rate (Kirch 1994; Cark 1988; Dye and Konmori 1992a, 1992b). At the
point of initial European contact, both regions were densely settled, with
| ocal variations corresponding to paraneters of the spatial environnenta
nosai c.

1. The Kahi kinui Study Area (Maui |sland), enconpasses the ancient politica
district (moku) of Kahikinui, on the southern slope of Hal eakal a vol cano,
rising fromsea level to 3,000 masl, a magnificent altitudinal gradient
cross-cut by substrates of varied geol ogi cal age. Kahikinui typifies a
leeward climatic zone with pronounced seasonality ("kona" rains predoni nate)
and a total annual precipitation of 250-1000 nm which puts it on the margin
for dryland cultivation of Polynesian crop plants, especially in drought
periods. The vegetation of this |leeward slope (Medeiros et al. 1986; Rock
1973[1916]) has long been noted as a prine exanple of the high taxononic
diversity characteristic of Hawaiian dryland forests. The eastern half of the
district has ol der substrates of the Kula Vol canic Series (400 kyr) with
deeply weat hered soil profiles and consi derabl e hydrol ogi c incision (Stearns
and Macdonal d 1942; Bergmanis 1998). In stark contrast, the western part of
the district consists of young |ava flows of the Hana Vol canic Series (0-60
kyr), a rejuvenation phase of Hal eakala, resulting in rugged, unweathered or
barely weat hered surfaces | acking significant streamincision. A further
resource restriction in Kahikinui was inposed by the coastal geonorphol ogy,
largely one of low sea cliffs and an absence of coral reefs, hence relatively
| ow biotic diversity and biomass, rendering marine protein exploitation

mar gi nal
Si nce 1994, Kahi ki nui has been archaeol ogically investigated by three
coordinated teans of archaeologists fromU C Berkeley, Northern Illinois

Uni versity, and the State of Hawai'i (Kirch, ed., 1997; D xon et al. 1997,
1999). Two adj acent ahupua'a territories, Kipapa and Nakaohu, conprising an
area of 8 sqg kmin central Kahikinui, have been intensively surveyed fromthe
coast up to 1200 m above sea | evel where site density beconmes very sparse
(Kirch, 1997c, 1997d; Dixon et al. 1997, 1999).The resulting A S database

i ncl udes some 1, 789 archaeol ogi cal features (Figure 1).

Additionally, Kirch and his team have conducted extensive excavations in a
series of habitation, agricultural, and ritual sites that have provided the
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basis for witing a detailed, |ocal-level history of |and use, |oca
environmental nodifications, resource use, mcro-denographic distributions,
group organi zation and interactions, and iconic (ritual) narking of the

| andscape with nonunmental architecture. A suite of nore than 120 14C age
determ nati ons, now being augnented by U Th dating of coral offerings from
ritual sites, anchors this cultural history firmy in time, at a resolution
of + 75 yr. Frequency distributions of dated habitation sites furthernore
provide the basis for a proxy estinmate of the rate of population growth
beginning with initial human incursion into the region, up to abandonnent ca.
A. D. 1870.

Using multiple lines of evidence including zooarchaeol ogi cal faunal materials
(O Day, subnmitted), charcoal, opal phytoliths, and other plant mcrofossils
(Coil, in prep), pulnonate gastropods, and other sources, we have begun to
devel op a tenporally and spatially fine-grained reconstruction of biotic
resources and their distributions over the period of Pol ynesian occupati on.
In particular, our nost recent research has focused on hydrol ogi cal changes
in our study area resulting fromdeforestation in an upland belt of cloud
forest (Ham lton et al. 1995) |ocated above the main zone of archaeol ogi ca
settlement (Stock et al., submitted).

2. The Kohala Study Area (Hawai'i Island), Kohala has been the focus of
extensive--and to date independent--archaeol ogi cal, pedol ogi cal, ecosystem
and pal eoecol ogi cal studies (Figure 2). The area enconpasses the ol dest

vol cano on the Island of Hawai'i, with an edifice that fornmed by 400 kyr ago
(Pololu series) and substantial areas that were covered by post-shield
eruptions about 150 kyr ago (Hawi series). The vol cano's wet w ndward sl ope
is divided by deeply incised valleys, the largest of which (Wipio Valley)
was the major locus of irrigated taro agriculture and (probably not
coincidentally) an inportant seat of the paranount chiefs of the island. The
undi ssected | eeward sl ope supports one of the npbst spectacul ar rainfal
gradients on Earth, reaching from <200 mmto >3500 nm annual precipitation in
a distance of 15 km (G anbel |l uca et al 1986).

Research by Chadwi ck and col | eagues has denobnstrated that continuous
variation in rainfall on this gradient has led to some striking
discontinuities in soil properties (Kelly et al. 1998, Chadw ck and Chorover,

in press). In particular, soil acidity is low and cation availability is
consistently high as rainfall increases from<200 to 1400 mmyr. Above that
point, acidity increases and cations decrease sharply. Soil cations are
derived alnmost entirely frombasalt weathering bel ow 1400 nmyr rainfall, and

frommari ne aerosol above that |evel (Stewart et al in press). Wile the
potential for basalt weathering increases linearly as a function of rainfall,
at this soil age all of the primary ninerals have been depleted fromsites
receiving >1400 mmrainfall. This sharp transition occurs at higher rainfal
in sites younger than 160 kyr and at |l ower rainfall in older sites (Chadw ck
and Gavenda, unpublished).

Leeward Kohal a al so supported one of the nost extensive dryland farmng
systens in the archi pel ago, covering roughly 19 km by 4 km (~55 knR)
(Rosendahl 1972, 1994; Kirch 1984, 1985, 1994). The Kohala field systemis
characterized by a reticulate grid of stacked-stone field boundaries (see
Figure 2); it incorporates thousands of smaller free-standing stone
architectural features, including habitation sites and ritual structures.
Archaeol ogi cal research has traced the tenporal devel opnment of both the field
system and associ ated coastal and inland residential patterns, beginning as
early as 1000 A.D. and continuing into the first decades after European
contact (e.g. Newran 1970, Pearson 1968, Rosendahl 1972, 1994, Tuggl e and
Giffin 1973, Cordy and Kashko 1980). Later research focused on the w ndward
vall eys and their irrigation systens (Tuggle and Tononari-Tuggle 1980). Mbst
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recently, Graves and Ladefoged have applyied a G S approach to nodel the
spati o-tenporal devel opnent of the leeward field system (Ladefoged et al
1996, 1998; Ladefoged and Graves 2000). Cropping-cycle intensification
occurred during the period A D. 1300-1800; it was focused on areas receivVving
from about 800 to 1500 mm of annual precipitation

C. RESEARCH TOPI CS AND APPROACHES

Qur project addresses four interconnected research thenmes: (1) the spatio-
tenporal processes of agricultural devel opnment, as these were linked to
geonor phi ¢ and bi ogeochemni cal gradients and | andscape npsaics; (2) patterns
of denographi c change, including the shift froma |argely density-independent
to density-dependent situation, and how these were linked to resource use and
agricultural intensification; (3) the emergence--over a 300-500 yr period--
of socio-cultural conplexity, including formal control hierarchies,
pronounced disparities in access to resources, and control over |abor and
surplus; and (4) the dynanic effects of a growi ng human popul ati on and
evolving culture on its natural resource base, including not only
agricultural land, but also upland forests and other biotic resources. W
propose to address these questions in a hierarchical franmework, through

i ntegrated studies and nodel s that are organi zed into five principal nodul es.
For anal ytical purposes we describe these nmodul es individually, but as we
will show they are fundamentally linked, in that understanding any one area
requi res know edge of the others. The five nodul es are:

a. Soils and biogeochem stry, which will include climate, soil fertility,
erosi on, biogeochem stry, and their controls on short and long tinme scal es.

b. Natural and nodified vegetation, including vegetation structure, dynanics
of principal and indicator species, natural and human di sturbance.

c. Agriculture (including animal husbandry), focusing on cropping systens,
mej or crops, agricultural intensity, sources of nutrients, productivity, and
sustainability.

d. Popul ati on and denography, including nortality and fertility, mgration,

t echnol ogy.

e. Social structure, including household units, the evolution of hierarchies
and socio-cul tural structures, conflict/cooperation, religion.

Al'l of these nodules will be explicitly spatial, based on a A S franmework,
and all will be evaluated at ~100 yr intervals during the ~1000 years between
Pol ynesi an di scovery of the Hawaiian |Islands and contact w th Europe -thereby
i ncor porating sweepi ng changes from col oni zati on through agricultura

i ntensification and increasing socio-cultural conplexity, with their manifold
effects and interactions. W anticipate that just as the dynanics of each of
the nodules will be tine-dependent, the relative inportance of coupling

bet ween nodul es will change substantially with the growh and el aboration of
Hawai i an popul ati on, productive systens, and culture.

Modul e 1: Soils and Bi ogeochemi stry

Bi ogeochem cal Background. The bi ogeocheni cal tenplate upon which agriculture
develops is well-characterized in Hawai'i. The weathering of basaltic rock
suppl i es nost el enents (except N) to young ecosystens (Crews et al. 1995,
Vitousek et al. 1997), but by 20 kyr the primary minerals in rock--and al npost
all the cal cium magnesium potassium and silicon--have been depl et ed.
Thereafter, marine aerosol in rainfall and cl oudwater provides the only
significant source of these elenents (Kennedy et al. 1998, Chadwi ck et al
1999). The loss of rock-derived el ements and doni nance of marine aerosol can
be denonstrated unanbi guously using isotopes of Sr, an al kaline earth el enent
like Ca and My that has isotopically distinct (and in Hawai'i unusually

consi stent) sources in Hawaiian basalt and marine aerosol (G austein 1989
Kennedy et al. 1998, Vitousek et al. 1999). Phosphorus is much | ess nobile
than nost el enents (e.g. Uehara and gillman 1988; Schl esi nger 1997), and rock-
derived P contributes to forest nutrition for nore than a nillion years.
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Eventual |y, however, the P frombasaltic rock is depleted, and severa

m ner ol ogi ¢ and geocheni cal tracers of continental crust (versus mantle-
derived Hawai i an basalt) denobnstrate that continental dust fromcentral Asia,
over 6000 km away, thereafter constitutes the nost inportant source of P
(Chadwick et al. 1999, Kurtz et al. in press).

These observations, together with those on rainfall gradients discussed
above, explain the background agai nst which agricultural intensification
takes place. Forests can cycle nutrients efficiently, and remain productive
in the face of low inputs--but intensive agricultural systens inherently |ose
nutrients through harvest, and inevitably | eakage as well. Wile shifting
cultivation can nake use of nutrients accunul ated over a period of tineg,
permanent agriculture requires relatively rapid renewal of nutrient supply
(fromweathering, fertilizer, or in the case of pondfield systens flow ng
water) if productivity is to be sustainable. Wathering sources of nutrients
essentially di sappear above 1400 nm annual precipitation on | eeward Kohal a
(Figure 3) (Stewart et al. in press); we suggest that it is no coincidence
that the upper-elevation (wetter) boundary of the Kohala field system foll ows
this rainfall isohyet closely (Figure 2; Ladefoged et al. 1998). Cur

hypot hesis is that Pol ynesian agriculturalists were farm ng the rock- that
they learned to intensify agriculture in the wettest areas that stil

supplied nutrients through basalt weathering. Simlarly, in Kahikinui our
survey data suggest that the areas of npbst intensive | and use were younger
"rockl ands" of the Hana Vol canic Series, rather than the ol der Kul a

Vol cani cs. Al though the deeper Kul a-derived soils appear nore suited to
cultivation, we hypothesize that they are al so nore nutrient-depl eted

The pattern of human use of |and described here is not uniquely Hawaiian or
Pol ynesi an; the concentration of human |and use in seasonally dry areas of
the tropics, where precipitation is close to annual evapotranspiration (Ewel
1999) and on young (e.g., Amazoni an varzea) and/or unusually fertile tropica
soils, has long been noted (Miurphy and Lugo 1986). What is unique here is the
preci sion with which the biogeochenical tenplate can be characterized, and

t he general processes underlying human interactions with | and can be
elucidated in space and tine. The spatial structure of lands in Hawai'i means
that there are close and wel |l -defined connections between fertile and
infertile soils, and on a larger scale between dryland and irrigated
agriculture (Kirch 1994), so the interactions of humans with their core and
mar gi nal | ands can be eval uated strai ghtforwardly.

Research Plan. Soil sanpling will be designed to determ ne the relationship
between soil fertility (and its conponent processes) and the distribution of

i ntensive dryland agriculture, as both of these vary in space and tine. Major
conmponents of soil fertility include acidity, base saturation, and the supply
of cations, P and N. Wiile we will focus on acidity and cations, both because
the limts of the Kohala field systemcorrelate so strikingly with base
saturation and for efficiency of presentation, all of these nmjor conponents
of fertility will be eval uated.

We will begin by mapping the current distribution of soil properties in
relation to the field systems of Kohal a and Kahi ki nui, using structured,
nesting sanpling along transects. These transects will cross the field
systens perpendicular to elevation, and extend into drier and wetter areas
above and below the fields. W plan to space transects 2 kmapart in both
Kohal a and Kahi ki nui, and collect soil sanples at fixed intervals of 200 m
this spacing will capture the differences in substrate ages w thin each
region (150 kyr old Hawi Vol cani cs and 400 kyr Pol ol u Vol cani cs on Kohal a,
<60 kyr Hana Vol cani cs and 400 kyr ol d Kula Vol cani cs at Kahikinui) as well
as variation in agricultural intensity anong ahupua'a on apparently sinilar
sites (Ladefoged et al. 1998). At two randomy sel ected points al ong each
transect, we will sanple soils on a finer scale, using a repeated-interval
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design along two 1000 mtransects oriented at a 60 degree angle to optinm ze
the sampling of spatial structure in soil characteristics (O ayton and

Hudel son 1995, Radel of f et al 2000). In Kohala, the transects will parallel
the soils gradient characterized by Chadw ck and col | eagues (Chadw ck et al
1994, Kelly et al. 1998, Stewart et al. in press). A subset of the transects
will be extended across the mountain, |inking the proposed research with
ongoi ng anal yses of nutrient cycling and forest history in nontane rainforest
(Crews et al. 1995, Torn et al 1997, Hotchkiss 1998, Hotchkiss et al. 2000),
and to areas of intensive agriculture in the windward valleys (Kirch 1994).
If inmportant features of the sites or potential sources of variation are

m ssed by this design, they will be sanpled separately.

Soil sanples will be collected and anal yzed at two |l evels of resolution. At
each location, we will collect a single depth-integrated soil sanple from O-
30 cm at about 10% of the locations, we will dig trenches fromthe surface
to bedrock (or to little-altered volcanic ash in sone of the ol der, deeper
profiles), and characterize soils thoroughly in the field and | aboratory,
coll ecting sanples by horizon. The 0-30 cmspatially extensive sanples wll
be anal yzed for pH and exchangeabl e Ca; our prior experience with Hawaiian
soils shows that soil pH, base saturation, exchangeable calcium the presence
of primary mnerals in the soil, accunulation of neteoric Be-10, and Sr

i sotopic conposition are all strongly correlated, reflecting the fact that
all are controlled by the same processes. These extensive sanples also wll
be anal yzed for oxal ate-extractable P using a new procedure that provides an
excel |l ent neasure of the labile P pool (Guo and Yost 1999), and for

m neralizable N

W will dig >100 of the deeper, better-characterized intensive sanpl es;
these will incorporate all of the substrates involved in the study, and a
range of time and intensity of human use. The trenches will be sanpled for
stratigraphy and charcoal as well as soil horizons, and a full suite of soi
and i sotopic nmeasurenents will be carried out - including cation exchange
capacity, all nmajor cations, mneral fractions, Sr isotopes, and weathering
rates in addition to pH and calcium W wll also nmeasure total C, N, and P
P fractions, and 15N as an integrated nmeasure of the relative openness of the
N cycle (Handley et al. 1999).

Thi s conbi nati on of extensive and intensive neasurenents will enable us to
map spatial patterns in soil fertility within and outside the field systens,
and to understand the fundanental controls of these patterns. It will also
provi de a spectacular data set for the testing and extension of nodels of
weat hering and | eaching, and of N input-output budgets and 15N abundances
(Stewart et al. in press, Vitousek and Field in press). Concurrent
nmeasurenments of the devel opnment of the field systens in space and tine
(Modul e 3 below) can be evaluated in relation to soil fertility, with a very
hi gh degree of precision. It nust be noted, however, that as nmuch as a

m | | enni um of Pol ynesian agriculture could well have altered the patterns in
soil fertility that we neasure today; harvest adds another substanti al

pat hway of nutrient renmoval to background rates of |eaching, which thenselves
are enhanced by intensive agriculture. W propose to address the cumul ative
and dynanmic effects of human activity on soil fertility by making use of

ar chaeobot ani cal sanples collected in the course of excavations at Kohal a and
Kahi ki nui, and of charcoal collected fromthe intensive soil sanples above.
We plan to analyze Sr isotopes in dated residues of food plants and wood-
derived charcoal through time across our transects, focusing on upper-

el evation sites that now are near the transition fromfertile to infertile
soi |l s. Any human-caused change fromfertile towards infertile soils should be
detectable as a shift in Sr isotope ratios fromthose characteristic of
Hawai i an basalt towards those of marine aerosol. Changes in the residue of
food plants in particular would be revealing; a change in Sr isotope ratios
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in charcoal but not food plant residues would suggest the transport into the
field system of wood harvested above the transition. Finally, we propose to
eval uat e ant hropogeni ¢ enhancenent of soil erosion or redistribution by

nmeasuring the accunul ation of neteoric 10Be in soils (Brown et al., 1989;
Pavich et al., 1986; Pavich et al., 1985). The Sr and Be isotopic
measurenments will allow us to see not just the effect of soil fertility on
people, but the effect of people on soil fertility as both of these vary in
space and time. Together, these analyses will contribute substantially to

research thenmes 1 and 4, and to research nodules 2 and 3.

Modul e 2: Natural and Mdified Vegetation

We propose to survey the species conposition, canopy structure, dynanics, and
di sturbance frequency of vegetation across the study |andscapes over tinme, to
i nvestigate spatial and tenporal correlations anbng changes in ecosystens,

| and use, culture, and climate. W will apply a range of established and

i nnovat i ve methods derived from pal eocecol ogy and ar chaeobotany, in three

sedi nentary contexts: (1) surface-to-bedrock trench profiles, shared with the
soi |l and bi ogeochemi stry studi es described in Mdule 1; (2) archaeol ogi cal
sites, which provide direct evidence of hunman inmpacts on vegetation (nodul e
3), and (3) sedinment cores fromsnmall |akes or bogs, which can provide
greater resolution of tenporal dynam cs. Chronol ogical control will be

provi ded by AMS 14C radi onetric dating, supplenented by biostratigraphic

mar ker taxa, and if necessary, thernolum nescence for dating surface
exposur e.

W will use seeds, wood, and nicrofossils fromthe intensively-sanpled soi
trench profiles to constrain the | andscape-scal e spatial patterns of species
distribution in the context of soil fertility, at ca. 100-yr intervals.

Recent work has inproved the efficiency of recovering pollen, phytolith, and
di at om evi dence of past vegetation and soil noisture conditions, as well as
evi dence for |ocalized burning and fl ooding episodes (Coil, unpublished). In
Kahi ki nui, excavation of 41 surface-to-bedrock soil trenches has al ready
reveal ed stratigraphic |evels containing arboreal, nmxed or disturbed
vegetation, agricultural soils, and grass- and pal mdom nated assenbl ages,
with discrete charcoal deposits recording fire events (Figure 4).

Anal ysis of charcoal layers in the trench excavations will reveal the spatia
and tenporal extent of disturbance by fire over the period of Hawaiian
occupation. Embeddi ng and thin sectioning of nacroscopic charcoal fragnents
will allow us to distinguish species assenbl ages burned, while identification
of phytoliths with signs of burning will inprove the correlation of burning
events with vegetation types as well as specific agricultural activities
(Piperno 1994; Keal hofer and Pi perno 1994). Macroscopi c charcoal fragnents

(m ni mum di aneter 125 microns) extracted from conti guous sedi nent sanples in
a few intensively-sanpled sites will be interpreted by conparison with soi
charcoal from known historical fires; a database of fires in Hawaii Vol canoes
National Park over the past 30 years will provide the initial calibration
series (Tim Tuni son, pers. conm). Statistical snoothing methods will be used
to distinguish peaks representing local fire events from background charcoa
(develand 1979, Cdark and Royall 1996, Long et al. 1998).

In sites with good preservation, fossil pollen allows nore detail ed
reconstruction of vegetation structure and conposition using nodern anal ogs,
ordination, and ratios of individual pollen types (Hotchkiss and Dougl as
submi tted, Hotchkiss 1998, Calcote 1998, Prentice 1985, Overpeck et al

1985). W have a database of >100 surface pollen assenbl ages with associ at ed
vegetation data fromHawai'i |sland, and we have devel oped net hods that

di stinguish 18 maj or vegetation types (Hotchkiss and Douglas, submtted). A
smal | er set of surface sanples from upland forests on Kohala offers much nore
detail ed vegetation data, allow ng us to distinguish several |evels of canopy
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openness (Hotchkiss and Vitousek, unpublished). Pollen records fromleeward
Kohal a show transformati on of |eeward vegetation, including decreases in
arboreal pollen and increases in grass, sedges, and herbs over the past 1600
years (Hotchkiss 1998, Law ence 1982). On Maui, we are devel opi ng net hods
that distinguish the upper elevational limt of forest on a scale of about
100m Wth additional sanples, simlar methods could distinguish the | eeward
forest Iimt. Paleoecological records fromsettings with continuous
sedinentation will also allow nore detail ed investigation of the dynanics of
veget ati on change over time, including rates of disturbance, successiona
trajectories, and patterns of response to changes in the human, climte, or
bi ogeochem cal context. These sedi ment deposits will be concentrated in the
upl ands, but their resolution of tenporal patterns can be finer (~30yr) and
nmore continuous than the nore spatially-extensive trench studies. W wll
use pollen and plant macrofossils in continuously-accunul ati ng peat deposits
to conpare trajectories of change in species conmposition, canopy openness,
and rates and styles of forest disturbance (species affected, frequency of
fire, post-disturbance succession) during the several hundred years before
human arrival, and during periods of population expansion, agricultural
intensification, and cultural el aboration.

Comparison of both soil trench profiles and pollen records with botanica
remai ns in archaeol ogical sites will establish tenporal correlations between
changes in vegetation and changes in population and cultural practices such
as use of native species, intensification of agriculture, and devel opnent of
soci al hierarchy, thereby addressing nodul es 3-5. Excavations at Kahi ki nui
spanning a range of altitude and substrate variation have yiel ded hundreds of
sanpl es of wood charcoal from features such as hearths and earth ovens,

yi el di ng evi dence for human use of specific forest, woodl and, and shrubl and
comunities, with a high degree of spatial resolution. Direct AMS 14C dati ng
of 60 identified charcoal sanples has provided a prelimnary basis upon which
to reconstruct woodl and and shrubl and comunities in and around areas of

ar chaeol ogi cal occupation and | and use, as well as the spatial and tenpora

di stributions of disturbance-adapted and econom c taxa (Stock, Coil, and
Kirch, submtted). W will extend this approach to Kohala, providing a
record of human use of vegetation that is explicitly linked to

cont enpor aneous ar chaeol ogi cal evidence of changing | and use and culture at
both sites. Sr isotope ratios of plant remai ns from archaeol ogi cal contexts
(see Module 1) will further trace the tenporal and spatial patterns of
resource use.

Modul e 3. Agriculture

The processes that drive sequences of agricultural intensification have |ong
engaged ant hropol ogi sts, archaeol ogi sts, and geographers (e.g., Ceertz 1963;
Boserup 1981; Brookfield 1972, 1984; Sahlins 1972; Turner and Doolittle 1978;
Turner et al. 1977; Kirch 1994; Morrison 1994). Progress has been nmade in
theoretically differentiating several nodes of "intensification" (e.g.
expansi on and innovation fromintensification per se; cropping cycle and

| andesque capital nodes of intensification; Kirch 1994), and in defining key
I i nkages to both denographi c and socio-political inputs (Brookfield 1972,
1984). Intensification, however, occurs across and in relation to an
environnmental nosaic, which in the case of Hawai'i includes dramatic
environmental gradients. It is in this area that we can nake significant
progress in understandi ng how agricultural change proceeds, including
critical non-linear dynami cs as an expandi ng agricul tural popul ati on noves
onto | andscape patches with dramatically different biogeochenical responses.

Over the past decade, archaeol ogy has incorporated new theoretical concepts
in the study of the spatial distribution of archaeol ogi cal materials,

i ncl udi ng the conceptualization of |andscape (Crum ey and Marquardt 1990;
Rossi gnol 1992; Tilley 1994; Knapp and Ashnore 1999), the energence of a
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di stributional archaeol ogy (Ebert 1992), and non-site/sitel ess archaeol ogi ca
survey (Dunnell 1992; Dunnell and Dancey 1983). New net hods have al so been
devel oped, including renote sensing and gl obal positioning systens (GPS)
along with the application of a Geographic Information Systems or GS
approach to data analysis (Al len and Zubrow 1990; Al denderfer and Machner
1996, Kvamme 1989, 1999; Ladefoged et al. 1998). These conceptual and

t echnol ogi cal advances now al | ow archaeol ogi sts to docunent and anal yze | arge
scal e agricultural or social developnents (Field 1998; Savage 1990; Van West
and Kohl er 1996) and pal eo-environnents (Behrens 1996, Chaprman 2000).
Archaeol ogi cal investigations focussed on the spatial distribution of
agriculture are particularly well suited to S, and data bases for both
Kohal a and Kahi ki nui are well developed. It will be straightforward - and
interesting - to add the biogeochenmical matrix of both areas (as descri bed
above); for Kohala in particular, those additional |ayers will conplenent a
wel | - devel oped anal ysis of environmental limts to the field system

(Ladef oged et al. 1996).

Using A S to understand the devel opnent of agricultural systens in tinme as
wel | as space offers a nore substantial challenge. Substantial progress

al ready has been nmade in anal yzing tenporal changes in the field systens,

whi ch can be determined in part through occurrence seriation of features,
combi ned with AMS 14C dating of charcoal within or under features. This work
will be continued and expanded as a key part of this project. W propose to
construct spatially- and tenporally-resol ved data bases of soil properties
and vegetation prior to the devel opnent of the field system using the

nmet hods described in Mddules 1 and 2 above. Wth this information, the
initial patterns of human use of the | and can be overlaid on a bi ogeochenica
and environmental matrix. At approximately 100 year intervals thereafter, we
will update the information on soil fertility to reflect the consequences of
intensifying agriculture, and sinilarly update the areas occupi ed by peopl e
and the intensity of agriculture across those areas. Changes in vegetation
distribution and in disturbance regines will be updated sinilarly.

Initially, these analyses will be carried out in two di mensions - distance
along a transect across the field system fromthe sea towards the nountains,
and tinme - for both substrate types (younger and ol der vol canic fornations)

for each study area. If the approach is practical and fruitful, it will be
expanded to a second spatial dinmension across both field systens. This
approach will link the distribution of resources (particularly soi

fertility) on the | andscape to hunan use of those resources, to the effects
of human use on the resources thenselves, and to overall changes in
vegetati on and ecosystens in both regions - as all of these vary in space and
time. Wile this approach will not explicitly incorporate the controls of
spatial and tenporal dynamics of the field systens, it will provide a
structure within which those controls can be determni ned by the work descri bed
under nodules 4 and 5 - and a set of patterns agai nst which our understanding
of controls can be tested (e.g., Ladefoged and G aves 2000).

Modul e 4. Mappi ng Popul ati on Dynam cs

The islands of Renpbte Cceania, settled late in hunman history, were both
resource-rich and lacking in population-inhibiting diseases such as mal ari a;
not surprisingly, they often w tnessed expl osive denographic growth follow ng
human col oni zation (Kirch 2000). For several island cases, archaeol ogists
have confirned the general applicability of a nbdel of |ogistic population
growm h proposed by Kirch (1984). This nodel predicts a shift fromearly,

col oni zi ng popul ati ons marked by high intrinsic growh (r), |low density,
density-independent nortality, and linmited cultural regulation, and which
were well bel ow carrying capacity (K), to populations in |ate prehistory
characterized by low r, high density, density-dependent nortality, and the
application of varied cultural fornms of regulation, including abortion
celibacy, warfare, infanticide, or even cannibalism These |ate popul ations
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may have oscillated in size. For Kosrae (Athens 1995), New Cal edoni a (Sand
1995), Mangaia (Kirch 1996, 1997a, b; Steadnman et al. 2000), and New Zeal and
(Davi dson 1984; Brewis et al. 1990) aspects of this nodel have been
enpirically denonstrated, with | ocal variations.

The Hawaiian case is of particular interest, given archaeol ogical efforts to
track pre-contact popul ation sizes through proxy neasures such as househol d
census counts (Cordy 1981; Kirch 1984; Hommon 1976, 1986; C ark 1988; Dye and
Komori 1992b). These studi es have denponstrated that following initial

col oni zation ca. 1200 BP, the archipelago was rapidly explored, and pernanent
settlements were established in areas where resources were especially
favorable to a m xed farm ng-fishing subsistence regi ne. By 900-800 BP,
popul ati ons began to expand rapidly out of the ecologically favorable zones,
with proxy curves of "househol d popul ation" growth exhibiting an exponenti al
phase of the logistic process (Figure 5). It was during this Expansion Period
of the Hawaiian cultural sequence (Kirch 1985), that |eeward zones such as
Kohal a and Kahi ki nui began to be pernmanently occupi ed, and their resources

i ncreasingly exploited. Approximately three centuries later, ca. 500 BP
these | eeward | andscapes had been substantially nodified through the

devel opment of intensified agricultural systens, supporting dense

popul ations. In wi ndward zones, this was al so the period of ngjor
construction of irrigated agricultural conplexes (Alen 1991, 1992). The rate
of popul ati on growt h, however, declined significantly in the period 500-200
BP, prior to European contact (which brought decimation fromintroduced

di seases), suggesting that |ocal popul ations were now approachi ng carrying
capacity. Along with heightened efforts at agricultural intensification,

ot her key socio-political indices of this late cultural phase include cycles
of territorial conquest (Sahlins 1972), and the inposition of a highly-
structured system of land tenure (the ahupua a system.

W aimto "map" the local denographic transitions on a finer tenporal as well
as spatial scale. The expansi on of human popul ati ons over the environnmenta
nosai ¢ was unlikely to have been regular or linear, since the |andscape
itself exhibits marked gradients and di scontinuities. Through cl ose

ar chaeol ogi cal mapping and dating of both residential and agricultural sites,
fromfieldwrk in Kahikinui and Kohal a - both ongoi ng and proposed here - we
will be able to map the denopgraphi ¢ dynam cs over |ong tenporal and spatia
scales. These data will be used to construct and test nodels of small-group
popul ations interacting with a spatial resource function (see bel ow).

Modul e 5. Social Structure and Conplexity

As observed above, contact-period Hawaiian society is anthropol ogically noted
for its conplexity, indexed by econom c specialization (Earle 1977, 1978,
1987; Kirch 1990a), social stratification (Sahlins 1958), and specialized
religious cults and ritual regulation of production (Valeri 1985).

Ant hr opol ogi sts and archaeol ogi sts have characterized Hawai 'i as a "ranked
society" (Fried 1967), "conplex chiefdom (Earle, ed., 1991; Kirch 1985), or
"archaic state" (Hommon 1986; Fl annery 1972, 1995; Marcus and Fl annery 1996
Kirch 2000). A variety of proximate or ultimate "causal factors" have been
identified or proposed as having played some role in the rise of this

conpl exity, which devel oped out of a | ess conplex or specialized Ancestral

Pol ynesi an society, including: (1) denographic change, especially population
i ncrease (Cordy 1981; Kirch 1984); (2) agricultural intensification
especially irrigation (Earle 1978); (3) warfare, especially territoria
conquest (Kirch 1985); (4) status conpetition anong chiefly |ineages (Gol dnan
1970); and (5) resource diversity coupled with a redistributive econony
(Sahlins 1958). However, understandi ng of how such factors may have
interacted--with respect to particular prehistoric |andscapes--has remined
at the level of netatheory, couched in qualitative ternms (e.g., Cordy 1981
1996; Kirch 1990a, 2000; Earle 1997; Earle, ed. 1991; Friednman 1982; Sahlins
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1972).

A conpl exity perspective, now being taken up in the social sciences (e.g.,
Byrne 1998) including archaeol ogy (e.g., van der Leeuw, ed. 1998), provides a
power ful theoretical apparatus for nodeling the transition froma |less-to-
nore conplex society in Hawai'i over a several hundred year period. Such
nodel s need to be | andscape-specific, as well as tenporally dynamc, if they
are to show how the kinds of causal factors |listed above were linked with the
spatial distribution of biotic resources and bi ogeochem cal gradients. The
extensive, radionetrically-dated sets of archaeol ogical data now being
conpi |l ed for Kohal a and Kahi ki nui, when conbined with spatially-controlled
environnental data contributed by our project, will permt quantitative
nodel i ng and testing of particular hypothesized out cones.

In the archaeol ogical realm the Hawaiian case is especially suited for such
nodel i ng of the energence of social conplexity, because Hawaiian culture
materially indexed conplexity in a nunber of ways which are archaeol ogically
recoverabl e. The Hawaii an archaeol ogi cal | andscape exhi bits nunmerous nmateria
i ndi ces of conplexity, which can be spatially referenced by A S, and dated by
AMS 14C or T/ Uh net hods. These include: (1) an el aborate system of tenples
(heiau) dedicated to a variety of cults (each with its own deity), and
operating on a hierarchy of levels (from"state tenples" of war and
agriculture, to territorial-level agricultural and fertility tenmples, to
househol d shrines, and specialized econom ¢ shrines), constructed on stone
architectural platforms and terraces (Dixon et al., 1995; Kirch 1990c; Kol b
1992, 1994a, b; Kolb and Radewagen 1997); (2) residential or household sites,
with rank or status reflected in differential quantities of faunal and flora
remai ns, high-grade stone tools, or in architectural features such as size
and nunber of ancillary structures (O Day, submtted; Wisler and Kirch
1985); and (3) formal property boundaries and | and division markers, such as
permanent field boundaries, stone-lined trails, free-standing walls, nounds,
and cairns.

I n both Kahi ki nui and Kohal a, prior archaeol ogi cal research has al ready
resulted in extensive databases which can be directly utilized in the
proposed research. For exanple, in Kahikinui we have now recorded, surveyed,
and in many cases dated a series of nore than 40 tenples and shrines (Kolb
and Radewagen 1997), which reveal a 3-tiered hierarchy. Such structures
functioned, in part, as the physical nanifestation of a conplex contro

hi erarchy which was inposed by the governing elite on the |ocal social and
econom ¢ systens. Such a control hierarchy was, we hypothesize, increasingly
necessary to nmonitor |abor inputs, and to keep close track of agricultural
system out puts and possible |l evels of surplus extraction, as the dryland
farm ng systens cane under increasing denographic pressures in late
prehistory. Working out the tenporal and spatial distributions of such sites
provi des a neasure of where and when the social systemitself was focusing on
particular points of stress in the system In Kohala, equal progress has been
made in nmapping the vast field system and in analyzing the patterns of both
expansion and intensification, as these are reflected in details of the
reticulate grid of stone walls and features (Ladefoged and Graves 1999).
These features provide a fine-grained history not only of field devel opnent,
but of land tenure and territorial control. W will continue our

i nvestigation of such structures in as yet unsurveyed portions of Kahikinui,
and expand this line of research in Kohala, while fine-tuning the chronol ogy
of both sites.

Model i ng

Research this diverse and conpl ex can only be integrated through nodels, and
only through such integration can the inplications of conplex interactions
anong systens be realized in full. A nunmber of nodels are already in place
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within the nodul es, as descri bed above. W propose to coupl e the nodul es,
using these and other nmodels within a hierarchical, spatial framework that we
devel op. A prinmary denographic nodel will describe the small unit household
on arestricted site. W will scale up spatially by nodeling the spread of
and interaction anong many units over space and tinme, extending to coarser-
scal e, conplex social units. Space can be described by continuous-space
nmodel s (drawn fromthe reaction-diffusion genre) and/or discrete space
nmodel s (drawn fromthe cellular automaton genre) (D ekmann et al. 2000). W
will work initially with discrete space units that cover househol ds and snal
popul ation units, and cover the larger habitat with a discrete grid matched
to the resolution of our spatial sanpling work. A set of overl appi ng nodel s
will describe the interaction between people and environnent. These nodel s
will include:

Site selection, to relate the locations of habitation to spatial

characteristics (weather, topography, soil fertility); we will enploy a
| ogi stic regression for presence-absence with spatial covariates in our G S
dat abase (Manly et al. 1993, Boyce et al. 1994). |Initial site selection wll

depend on pre-contact attributes. Site attributes and selection criteria wll
change over tine, as a function of site dynanics, popul ation density, social
organi zati on and technol ogy.

Site utilization, to estimate a production function for agriculture that
descri bes resource flow into the popul ation given technol ogy (crop choice,

production system inputs). The production function will be used to calibrate
nortality and fertility as a function of per-capita resources. Production
functions will change over tine along with soil fertility, vegetation

agricultural practices. Weather, clinate cycles, and natural disturbance wl]l
be i nportant factors.
Site dynamcs: The site utilization nodel will be coupled to soil fertility
and vegetation nodels to describe the inpact of settlenent on local biotic
and abiotic factors. This is a key nodule for describing the inpact of
agriculture and extraction on soil and vegetation, and will be a key driver
of longer-term popul ati on growth and spread.
Local denography will be described by age-specific nortality and fertility.
Mortality is given by death rates m (A T,X) for individuals of age A at tine
T in spatial location X. A useful approach is to enploy nodel nortality
schedul es: identify a reference nortality pattern b(A) and describe variation
in terns of a response schedule c(A) and a response function k(X T):

log mMAT, X) = b(A + k(XT) c(A
The reference schedule b(A) is estimated from conparative data, such as the
pal eodenographic life table data di scussed by Kirch (1984) for pre-contact
Hawai 'i; see also Preston et al. (1993). Fertility is nodeled simlarly by
defining a response function for fertility anal ogous to that for nortality;
conparative data cone from pal eodenographi ¢ and ant hropol ogi cal studies (Basu
and Aaby 1998, Bocquet - Appel and Bacro 1997, Lasker and Kaplan 1995, Uche
1990) and reconstructions of early denographic history (for a French

exanpl e, see Bonneuil 1997). Qur denographic nodels will also reflect social
and cultural practices (marriage, fertility control, conpetition, warfare).
Spatial dependence of the response functions will contain: density and

resource limtation for given site attributes, the inpact of site dynamcs,

| ocal popul ation density, social structure (e.g., conpetition, warfare,
resource sharing) (see Hassan 1981; Kaplan 1994, 1997; Nelson et al., 1994;
Swedl und 1994; Weiss 1973; Wod 1994).

Popul ati on spread wll be nodeled as a result of household birth, death,
fission events; site selection and utilization functions, population density,
i nteracti on between |ocal populations, and the role of social structure and
technol ogy i n maki ng possi bl e use of marginal sites.

Social structuring will be nodeled in a couple of ways. One approach is to
hypot hesi ze rules for the formati on of aggregati ons based prinmarily on site
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selection and utilization, and test their consequences agai nst observed
aggregations. A second will use utility functions to describe the val ue of
particul ar social structures (e.g., in ternms of defense, resource sharing,
i nsurance provi ded agai nst crop loss or failure, etc.)

W will enploy a suite of nethods from nonlinear dynam cs (Guckenhei ner and
Hol nes 1983, Ot 1993), mathematical ecol ogy and denography (Caswell 2001
Di ekmann et al. 2000; Tuljapurkar and Serura 1979; Tuljapurkar 1990;

Tul japurkar et al. 1994), conputer simulation, and statistical estinmation.
W aimfirst to evaluate the qualitative dynam cs of human popul ati ons, and
then to focus on quantitative analyses that can be used in hypothesis
testing.

Since such integrative nodeling is relatively rare, we point to two exanpl es.
One is the Artificial Anasazi project (Dean et al. 1998) that uses

ar chaeol ogi cal, ecological and cultural information to define denographic,
behavi oral, and geographi cal characteristics for nodel individuals, and then
generates and anal yzes outconmes by sinmulation (using SWARM

http://ww. swarmorg). The other is the ARCHAEOVEDES project on | and
degradation (van der Leeuw, ed., 1998), in which Wnder et al. (1998)

devel oped probabilistic nodels for the transformations of both habitat state
and denpgraphic states over tinme. Both show how conpl ex information of the
type we will collect can be synthesized, turned into dynam ¢ nodels, and

test ed agai nst observed historical patterns.

At this stage, our framework is only partially devel oped, but we have

hypot heses concerning the inplications of |inkages between the nodul es.
Soils, vegetation, and agriculture should represent one fully interactive set
of nodul es; denobgraphy, social structure, and agriculture should represent
another. Under "nornmal" conditions, coupling between these sets isn't
absent, but we expect that connections between these sets (except through
agriculture) are not as strong as |linkages within them

Stresses to agriculture--crop failures due to drought or conflict--create a
nmore fluid situation where human popul ati ons and social structures shape what
happens to | and, and soil fertility and vegetation directly shape how

popul ations and societies can respond. In this context, climatic variability
woul d have posed considerable risk in | eeward regi ons, where farni ng was
rainfall dependent (Dixon et al. 1999; Ladefoged and G aves 2000). For
exanpl e, we hypot hesize that dry years (when the optinmal rainfall for
agriculture woul d have noved onto poorer soils above the established field
systens) woul d have encouraged greater deforestation as people relied
tenporarily on nutrients stored in the forest biomass, when drought nade it

i mpossible to farmthe rock. Social structure and popul ati on woul d i nfl uence
the strength and timng of this effect. A snall population |living by
shifting cultivation may use nore |land constantly than a | arger popul ation
usi ng nore intensive permanent cultivation systens. However, a conpl ex

soci ety based on intensive cultivation will also nake use of other |and - and
drought or conflict can force a | arge popul ation near its carrying capacity
to draw periodically on nmargi nal habitat for sustenance, and so have a much

| arger effect over a short term (and possibly cumul atively) than a snal
popul ati on practicing shifting cultivation

D. THE PRQIECT TEAM COORDI NATI ON, SCHEDULI NG, & EDUCATI ON

1. The research team assenbled for this project joins |eading experts in

ar chaeol ogy, ecol ogy, pedol ogy, denography, and pal eobotany, nobst with
extensi ve experience in the Hawaiian |slands. Bringing together these

di sparate areas is a challenge; we believe that the best approach is to
integrate the research at all stages, with all of the investigators
participating actively in all areas of research (however far it may be from
their own expertise). |In particular, we will conbine disciplinary approaches
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inour field teanms, allowing for intellectual feedback during data collection
as well as during synthesis. For exanple, investigation of soil profiles
(including sanpling for |aboratory analysis) will benefit from having
mul ti pl e archaeol ogi cal, pedol ogi cal, geochemni cal, and pal eobot ani ca
perspectives brought to bear on field interpretation and sanpling. Wile
everyone will be engaged in everything, investigators will have the primary
responsibility for particular nodules. Vitousek and Chadw ck have worked
extensively on bi ogeochenical gradients in Hawai'i, and they will be
responsi ble for nodule 1; Hotchkiss and Coil have devel oped i ndependent but
rel ated approaches to reconstructing vegetation histories, and they will be
responsi ble for nodule 2; Kirch, Graves, and Ladefoged have anal yzed the
Kahi ki nui and Kohal a archaeol ogi cal |andscapes, and wi |l handl e nodul e 3;

Tul j apur kar has expertise in quantitative nodeling and human denography, and
with Kirch will be responsible for nmodule 4, and Kirch will take the |ead for
module 5. Wiile all will be involved in Iinking the nodules to address the
maj or research questions, Tuljapurkar will coordinate that nodeling - and
Kirch will be the overall project |eader. Such an interdisciplinary research
team has rarely before been assenbled to tackle problens of coupled hunan-
envi ronnent systens over |longer tinme periods; the closest parallel would be
t he ARCHAEOMEDES proj ect which investigated the natural and ant hropogenic
causes of | and degradation and desertification in the Mediterranean basin
(van der Leeuw, ed., 1998). W seek to integrate a broader range of
disciplines nore fundanmentally, in a nore narrowy defined study area

2. Scheduling. W propose a project of four years duration, with the
followi ng schedule: Initial Planning: W will conmence with a workshop (to be
hel d on-location in Hawai'i) involving key participants, in which research
guestions, nethods, sanpling procedures, data reporting standards, and other
matters will be fully defined. Years 1-2 Fieldwork: The first two years wll
focus on fieldwork in both Kahikinui and Kohal a, involving integrated teans
that include the investigators and graduate students. |n Kahi ki nui

ar chaeol ogi cal survey will be expanded onto | ands of the geol ogically ol der
Kul a Vol canic Series, while in Kohala we will expand our survey work into

upl and and wi ndward areas not previously investigated. Fieldwrk wll be
concentrated in the sumer, while | aboratory anal ysis of sanples can proceed
t hr oughout the year. Year 3, Synthesis and Mddeling: Qur third year will be
devoted to synthesis of data obtained in years 1 and 2, and to refining the
quantitative nodel s essential for testing specific hypotheses. As we are
dealing with conpl ex, non-linear and hence not necessarily intuitive

rel ati onshi ps between cultural and natural systens, we anticipate one outcone
of these analyses will be the need to acquire additional prinmary data. Year 4
will be devoted to such additional fieldwork as necessary to fill in gaps in
our understanding, as well as producing an integrated synthesis of our
interdisciplinary results.

3. Education and Gther Contributions to Infrastructure. Because the project
integrates diverse fields that rarely interact so fundanmentally, the research
will contribute to the unification of disciplines, over and above research
results obtained. G aduate students trained at Berkeley, Stanford, Hawaii

W sconsin, and Santa Barbara will benefit nmost directly fromthese
interactions. 1In addition, several of the co-Pls have established records of
i ncorporating undergraduates, graduate students, the lay public, resource
managers, and policy nakers into their on-goi ng Hawaiian research, and wll
continue these activities in this project. Kirch has experience conducting
fieldwork as a high-1evel undergrad/graduate field school, and three

di ssertations are already forthconi ng the Kahikinui Project. Gaves has

i nvol verent with the Kohala Historic Preservation Conmittee, and Kirch with
Ka ' Chana o Kahikinui, both | ocal Native Hawaiian groups with strong

i nvol verrent in resource use. Vitousek co-directs the Hawaii Ecosystem
Project, a consortium of agencies and research universities that facilitates
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ecol ogi cal research and education in Hawaii - including >20 PhD theses at 8
uni versities, and supporting internships for Hawaiian students - and Chadwi ck
interacts with the Kohala Center, a community-based programto expand higher
education in the North Hawaii region. The |Iocal Maui and Hawaii conmunities
will be drawn into the research proposed here, and the results will thereby
shape how peopl e perceive |land and culture locally as well as globally.

E. SI GNl FI CANCE OF PROPOSED RESEARCH

This research is focused on the Hawaiian Islands, but the issues we address
are global. The cultural and biol ogi cal processes that devel oped and
interacted in Hawaii, from population growh to the increasing centralization
of political power and econonic control, have happened everywhere and i ndeed
are taking place globally today. The Hawaiian |slands are unique in the
precision with which we can define the arena in which these processes play
out, fromthe biogeochenical matrix underlying agricultural devel opnment to
the nature and isolation of the founding culture. Ml ecular biologists
describing a particular nodel organism (C. elegans) characterize it as
possessing "the ideal conprom se between conplexity and tractability"

(www. bi ot ech. m ssouri . edu/ Dauer. Wrl d/wornintro. htm). For our questions, we
believe that the same can be said of the Hawaiian Islands. The approaches,
concepts, and nodel s devel oped here can contribute to basic understandi ng of
how ecosystens, agriculture, and social structure interacted in a

constrai ned, isolated world - and that understanding can illuninate how we
view the world today.
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