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Abstract

Starch residue analysis was carried out on stone tools recovered from the bottom layer of

the Anakena site on Rapa Nui (Easter Island). These deposits have been dated to AD

1000–1300 AD and so far, represent the earliest evidence of human settlement on this

island. Twenty obsidian tools were analyzed. Analysis of 46 starch grains recovered from 20

obsidian tools from the earliest dated level of the Anakena site on Rapa Nui provides direct

evidence for translocation of traditional crop plants at initial stages of the colonization of this

island. The analysis of starch grains was based mainly on statistical methods for species

identification but was complemented by visual inspection in some cases. Our results identify

taxons previously unknown to have been cultivated on the island, such as breadfruit (Arto-

carpus altilis), Zingiber officinale (ginger), and starch grains of the Spondias dulcis and Ino-

carpus fagifer tropical trees. Additionally, starch grains of Colocasia esculenta (taro) and

Dioscorea sp. (yam), both common species in Pacific agriculture, were identified. Further-

more, the presence of four American taxa Ipomoea batatas (sweet potato), Canna sp.

(achira), Manihot esculenta (manioc), and Xanthosoma sp., was detected. The occurrence

of Canna sp., M. esculenta, and Xanthosoma sp. starch grains suggests the translocation of

previously not described South American cultivars into the Pacific. The detection of I. bata-

tas from this site in Rapa Nui constitutes the earliest record of this cultigen in the Pacific. Our

study provides direct evidence for translocation of a set of traditional Polynesian and South

American crop plants at the initial stages of colonization in Rapa Nui.
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Introduction

The study of the colonization of Remote Oceania revolves around some fundamental ques-

tions, such as the timing, the routes taken by the voyagers, and the origins and composition of

the intentionally translocated set of animal and plant species. The question of timing is still

under debate, as recent data shows a much later timing for all colonization events than previ-

ously posed [1–6]. As several authors [7–9] have pointed out, colonization of remote islands

requires several stages to be successful: discovery, with initial location and exploration of the

new land and its resources, followed by colonization, involving the settlement of a resident

population with its domesticates to ensure long-term survival. The time span between the first

and second stages probably required return voyages, as handed down in traditional legends.

For example, the oral history of Rapa Nui regarding the planning stage of the new settlement is

very specific, and states that it involved at least one return voyage [10, 11]. The process of colo-

nization of the numerous islands of East Polynesia and Marginal East Polynesia [12] spread

over the vast expanse of the Pacific Ocean involved the intentional transport of several species,

as the islands become increasingly impoverished in natural resources from west to east.

Genetic studies of all species transported intentionally (or not) on the canoes into Remote

Oceania from widely different origins, such as humans, animals, plants, and microorganisms,

have revealed that this was a complex process. Polynesians were great navigators, and for sev-

eral centuries they crossed the ocean in all directions, moving plants and other goods. Over 70

different plant species were purposely introduced into the Pacific. Some of these originate in

mainland Asia, others can be traced to Southeast Asia, while others are native to New Guinea

[13]. Approximately 50 of these species were collected or described by the first European expe-

ditions that visited the islands [14]. It is probable that the process of establishing the new crops

and hence, generating a new productive landscape, began soon after settlement [e.g. 15–18].

Microfossil and starch analyses have provided evidence for the presence of plant taxa in

archaeological contexts [19]. Some of these studies have specifically addressed the introduction

of canoe plants into Remote Oceania, and particularly into Marginal East Polynesia. Prebble

et al. [20] have identified the presence of tropical and subtropical East Polynesian plants, such

as taro and other leafy crop plants, using fossil pollen data, and the presence of fossil remains

of commensal invertebrates common in tropical garden contexts in the more temperate off-

shore islands of New Zealand. Using starch analyses, Allen and Ussher [21] were able to docu-

ment the presence of a number of West Polynesian taxa in the archaeological record of the

Marquesas Islands during the 14th century, such as breadfruit and kava, but also of sweet

potato. The authors were also able to demonstrate significant shifts over time related to the

importance of each of these crops.

Most of the research aimed at the identification of Rapa Nui’s plant and animal species have

focused on the paleoecological history of the island, addressing questions regarding a supposed

ecological collapse [1, 22–24], the causes of deforestation [1, 25–27], the date and origin of the

initial human settlement [6, 28–31], and the reconstruction of the prehistoric landscape [e.g.,

32–40]. Some of these studies have also addressed the general importance of the available food

resources [see for example, 41–47].

Flenley [32] did pioneering work in reconstructing the paleoecological history of Rapa Nui.

His work was based on pollen analysis of soil sediments taken from inside the main crater

lakes of the island. He demonstrated that before human settlement, the island was populated

by several tree species, such as the toromiro (Sophora toromiro), and a type of palm (Paschalo-
cocus sp.), some species of the Asteraceae and Coprosma families, and indicated that deforesta-

tion began at around 1200 AD. The precise timing of the first permanent human settlement of

Easter Island remains uncertain [30, 48], as are the plant species introduced by the first settlers.
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The first stages of human settlement were marked by the clearing of the original forest cover

for agriculture plots around 1200 AD [25, 35, 49], in time replacing the endemic forest with an

artificial, imported agricultural landscape [36, 50]. Whistler [14] estimates that only 12 species

were introduced in southeastern Polynesia by these first settlers. Among these species were

some of the most common Polynesian trees, such as Alphitonia cf., Spondias dulcis (Tahitian

apple or vi)̄, Inocarpus fagifer (Tahitian chestnut), Casuarina esquistetifolia (ironwood), and

Artocarpus altilis (breadfruit tree). Of these, only A. altilis grows today on the island; however,

it is a modern introduction. Additionally, Lagenaria siceraria (bottle gourd) and Ipomoea bata-
tas (sweet potato) were introduced from the South American continent [51, 52]. Other authors

suggest that about 20 of the commonly available species introduced and cultivated in the West-

ern and Central Pacific reached as far east as Easter Island [13]. Archaeological charcoal analy-

ses indicate the presence of taxa characteristic of a mesic forest at a period between the

fourteenth and the beginning of the seventeenth century, which included large trees, such as

Pittosporum, Alphitonia cf., Syzygium cf., and S.malaccense, among others [53].

Sediment analysis performed in different areas of Rapa Nui have provided insight into the

plant species that were prehistorically cultivated on the island. Pollen and phytoliths analyses

of soil sediments have allowed the identification of Ti (Cordyline fruticosa), sweet potato, a

Moraceae (possibly Broussonetia papyrifera), and a type of banana (Musa sp.) [54]. Horrocks

and Wozniak [55] analyzed microfossils collected from soil sediments at Ahu Te Niu, dated

roughly between the 13th and 15th centuries AD, and identified starch grains, which they cau-

tiously identified as yam (Dioscorea alata), sweet potato, taro (Colocasia esculenta), and bottle

gourd. They suggest that the area was subject to a mixed dryland agriculture production sys-

tem, dominated by yam and sweet potato, and supplemented with taro and bottle gourd. Addi-

tional insight derives from the Ahu Heki’i and La Pérouse sites on the northeast coast [54] and

from the craterlake sediments inside the Rano Kau [36] and Rano Raraku craters [50]. Here,

through microfossil analyses the authors identified taro, sweet potato, banana, and possibly

bottle gourd, providing evidence of ancient Polynesian agriculture in these localities [50].

Sherwood et al. [56], based on excavations performed in the inner Moai quarry at Rano Raraku

suggest that the inner, south, and east slopes of Rano Raraku were cultivated from the 14th

century AD up until the early 19th century AD. However, the questions regarding the inven-

tory of the initially cultivated crops remains open, as does the query on the timing of the intro-

duction of the sweet potato and eventually, of other South American cultivars. Other topics

that remain open are related to possible shifts in time of plant cultivation and consumption.

The aim of this paper is to contribute to the reconstruction of subsistence practices of the

Rapa Nui society during the settlement, particularly addressing the question of the initial

introduced plant inventory, through the analysis of starch remains recovered from obsidian

tools from the earliest dated site in Rapa Nui.

The Anakena site

Much of the archaeological research on Rapa Nui has focused on the study of the monumental

ceremonial complexes known as Ahu [57]. One of these, Ahu Nau Nau, located on the north

coast of the island, and facing Anakena Bay (Fig 1) was first investigated in 1934 by Henry

Lavachery of the Franco-Belgian scientific mission, and then during 1955–1956 by the Norwe-

gian expedition under the direction of Thor Heyerdahl. In 1978, extensive excavations and the

restoration of Ahu Nau Nau were carried out by Sergio Rapu. Subsequently, the site was inves-

tigated between 1986 and 1988 by a team from the Kon Tiki Museum in Oslo, under the direc-

tion of Arne Skjølsvold, who was one of the members of the pioneering Norwegian

archaeological expedition. The Norwegian team excavated several trenches at Ahu Nau Nau,
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with the main aim of documenting the early phases of the site’s architecture and to date the

structure and deposits under the Ahu. In addition, this team also excavated other trenches in

the vicinity of Ahu Nau Nau to study its prehistoric context [29, 57–59]. Skjølsvold [58]

defined three main occupational phases of the Ahu: Ahu Nau Nau I, Ahu Nau Nau II, and

Ahu Nau Nau III. Next to this platform is another platform, Nau Nau IV, which was not part

of our study. The first and earliest structure of the site consists of an elevated platform without

statues and a partially paved plaza area on the inland side. Cultural remains were found on top

of the bedrock, under the earliest dated Ahu structure. The samples investigated in this paper

derived from this cultural layer in Trench C1 (Fig 2). The bone remains from this same early

cultural layer have been discussed elsewhere [29].

The obsidian artifacts

A great diversity of artifacts was found in the different contexts of the various phases and par-

ticularly, the early cultural layer under the Ahu Nau Nau [58]. Radiocarbon-dated samples of

rat bones and carbonized nutshells from the various contexts placed Ahu Nau Nau phase I to

c. 1300 AD or a little later; construction of the phase II Ahu was placed between c. 1350–1400

AD and finally, the restored Nau Nau III phase, at around 1400 AD or a little afterwards [6, 31,

60]. A few stemmed obsidian tools known asmata’a were found in the most recent sand layer;

basalt adzes and axes were mostly found in relationship to phases II and III [58]. Numerous

obsidian tools, such as scrapers, knives, and drills were recovered mostly from under the ahu

in the early cultural layer [29]. In addition, bones from several bird species, the Polynesian rat

(Rattus exulans), and various fish species, were also found in this early layer. Martinsson-

Wallin & Crockford [29] analysed the fishbones from the early cultural layer and found that

pelagic fish were more abundant in the early layer and near shore fishing at later settlement

stages. This is in correspondence to fishing strategies seen in other early East Polynesian sites

Fig 1. Map of Easter Island (Rapa Nui) showing the location of Anakena and the archaeological site. (base map

adapted from https://eoimages.gsfc.nasa.gov/images/imagerecords/90000/90027/easterisland_oli_2015210_lrg.jpg).

https://doi.org/10.1371/journal.pone.0298896.g001
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[61]. Carbonized human bones were also found [58]. Published 14C dates from several ahu

across the island, including Ahu Nau Nau, suggest that initial construction of these complexes

likely occurred around 1250–1400 AD, but possibly as early as 1100–1200 AD. DiNapoli et al.

[5], in a more recent analysis of select 14C samples using refined Bayesian estimates, challenge

these dates, suggesting that the onset of colonization and of ahu construction occurred at a

later date. Using the Bayesian model, the authors propose a colonization period between

1150–1280 cal AD and estimate the construction of the platform of Ahu Nau Nau between

1410–1450 cal AD [5], which is about 145–285 years after the initial colonization.

Anakena is one of the few sites on the island with deep and well-stratified cultural deposits,

with evidence of extensive use [29, 59]. The numerous investigations that have been carried

out in Anakena have allowed to date and characterize the different occupational phases, mak-

ing this the earliest dated settlement on the island. The availability of the obsidian tool collec-

tion from the bottom stratum of this site offered an ideal archeological context to answer the

question of the initial plant inventory.

Material and methods

The obsidian tool collection

Starch residues were analyzed from a collection of 20 obsidian artifacts excavated under the

leadership of A. Skjølsvold between 1986 and 1988, and currently housed as part of the Heyer-

dahl collection at the Sebastian Englert Anthropological Museum (MAPSE) of Easter Island.

These are sharp-edged flakes ranging in size from 16 x 15 x 2 mm to 54 x 38 x 11 mm (Fig 3).

The artifacts were from two levels of the basal stratum of Trench C1 (Fig 4), located on the

Fig 2. Plan view with location of excavated trenches in relation to the Ahu Nau Nau III structure. Red arrow indicates Trench C1 in front

of the paved ramp of the main Ahu (Extract of map reprinted from Skjølsvold, 1994 under a CC BY license, with permission from Kon Tiki

Museum).

https://doi.org/10.1371/journal.pone.0298896.g002
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Fig 3. Artifacts sampled for this study.

https://doi.org/10.1371/journal.pone.0298896.g003

Fig 4. Longitudinal cross section of the profile of Trench C1. Artifacts were recovered from the layer marked in red.

(Extract of origal figure in Skjølsvold, 1994 reprinted under a CC BY license, with permission from the Kon Tiki

Museum).

https://doi.org/10.1371/journal.pone.0298896.g004
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inland side (south side), under the plaza of Ahu Nau Nau I (Table 1). This trench has seven

layers and extends about six meters from the ahu towards the interior of the island (Fig 4). The

bottom layer is a c. 40–50 centimeters thick darkbrown cultural layer that sits on the bedrock.

This layer was originally dated dated using traditional methods on unidentified charcoal by

Skjølsvold [58]. These samples gave dates of 900±120 BP and 1170±140 BP, but due to their

broad ranges they were later discarded. Later a new sample using a rat bone (Rattus exulans)
from the bottom layer was dated by Martinsson-Wallin & Crockford [29] giving a date of 1015

±65 BP (AD 890–920 at 2 SD). Additional samples from the same context were dated by

Wallin et al. [31]. One sample was from the femur of an adult Polynesian rat (Rattus exulans),
was dated to 915±65 BP (1040–1247 AD 2SD). However, carbonized endocarps of the Rapa

Nui palm (Paschalococos disperta) from what appears to be the same level, place the occupation

at 565 ±35 BP (1326–1448 AD) [29, 31]. However, Wallin et al. [31] discuss that the movement

of large boulders or stones during constructing of the first ahu probably affected the bottom

cultural layer. The construction phase of the first ahu above the earliest cultural layer was

dated by two rat bones to 710±75 BP (AD 1210–1420 2 SD) and 610±50 BP (1300–1439 AD)

and by one unidentified charcoal sample to 710±70 BP (AD 1240–1410 2 SD). The use phase

of the earliest ahu was dated with a nutshell to 535±35 BP (AD 1400–1452 2 SD) and a rat

bone to 640±65 BP (AD 1285–1433 2 SD). Additionally coral file sample from the habitation

layer sitting on the bedrock provided dates between 956–1020 BP [31]. Considering the results

from the recent dates of the bottom layer and the earliest ahu it is suggested that the early layer

from this site, dates somewhere between 1000–650 BP (AD 1000–1300).

The obsidian artifacts were chosen because they belong to an early domestic context and

were potentially usable for processing plant resources. After excavation, the tools were bagged

in plastic bags in the field and shipped to the Fonck Museum in Viña del Mar in mainland

Chile, where basic morphometric analysis was performed. This was carried out by the team

Table 1. List of artefacts sampled for this study.

Accession number Museum (MAPSE) code Collection Original accession numbers* Excavation unit Artifact type size (mm.)

0316–1 17-03-0316 03 Heyerdahl A515-A516-A517 C1 (bottom layer) flake 55.93 x 36.19 x 10.75

0316–2 17-03-0316 03 Heyerdahl A515-A516-A518 C1 (bottom layer) flake 49.63 x 43.43 x 9.27

0316–3 17-03-0316 03 Heyerdahl A515-A516-A519 C1 (bottom layer) flake 54.49 x 38.43 x 11.45

0316–4 17-03-0316 03 Heyerdahl A515-A516-A520 C1 (bottom layer) flake 47.44 x 34.14 x 11.02

0316–5 17-03-0316 03 Heyerdahl A515-A516-A521 C1 (bottom layer) flake 39.08 x 18.68 x 4.57

0316–6 17-03-0316 03 Heyerdahl A515-A516-A522 C1 (bottom layer) flake 32.37 x 19.35 x 3.85

0316–7 17-03-0316 03 Heyerdahl A515-A516-A523 C1 (bottom layer) flake 27.49 x 20.11 x 5.50

0316–8 17-03-0316 03 Heyerdahl A515-A516-A524 C1 (bottom layer) flake 31.93 x 18.26 x 3.86

0316–9 17-03-0316 03 Heyerdahl A515-A516-A525 C1 (bottom layer) flake 29.42 x 18.71 x 6.43

0322–1 17-03-0322 03 Heyerdahl A515-A516-A517 C1 (bottom layer) flake 52.04 x 25.52 x 7.91

0322–2 17-03-0322 03 Heyerdahl A515-A516-A518 C1 (bottom layer) flake 46.65 x 20.97 x 18.32

0322–3 17-03-0322 03 Heyerdahl A515-A516-A519 C1 (bottom layer) flake 40.31 x 22.02 x 7.21

0322–4 17-03-0322 03 Heyerdahl A515-A516-A520 C1 (bottom layer) flake 31.91 x 23.50 x 7.22

0322–5 17-03-0322 03 Heyerdahl A515-A516-A521 C1 (bottom layer) flake 37.07 x 13.01 x 10.18

0322–6 17-03-0322 03 Heyerdahl A515-A516-A522 C1 (bottom layer) flake 31.46 x 10.09 x 5.44

0322–7 17-03-0322 03 Heyerdahl A515-A516-A523 C1 (bottom layer) flake 28.41 x 18.13 x 4.94

0322–8 17-03-0322 03 Heyerdahl A515-A516-A524 C1 (bottom layer) flake 31.92 x 12.52 x 5.45

0322–9 17-03-0322 03 Heyerdahl A515-A516-A525 C1 (bottom layer) flake 27.06 14.46 x 6.46

0322–10 17-03-0322 03 Heyerdahl A515-A516-A526 C1 (bottom layer) flake 16.89 x 15.65 x 2.68

0322–11 17-03-0322 03 Heyerdahl A515-A516-A527 C1 (bottom layer) flake 19.14 x 17.12 x 4.00

https://doi.org/10.1371/journal.pone.0298896.t001
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members at the archaeological laboratory of the center. Once analyzed, the obsidian collection

was rebagged in plastic bags and returned to the island and stored in plastic boxes since the

mid-1990’s in the museum storeroom until the current study.

Sampling protocol of archaeological starch grains

The issue of contamination from modern airborne starch has been raised by several authors

[62, 63]. Laurence et al. [64] and Sikoparija et al. [65], refer to the possibility that airborne

starch particles, which are part of a wide spectrum of suspended biological materials may con-

taminate samples. The issue is relevant for our samples that were analyzed in the laboratory of

the Fonck Museum almost 30 years ago. Starch granules under certain conditions may settle

on surfaces and glass slides if these are left open. However, according to these and other

authors [66, 67] abundance of these vary according to climate conditions, particularly rainfall

and wind directions and thunderstorms. Sikoparija et al. [65] additionaly indicate that most

events of “starch rain are associated to specific anthropogenic activites. In addition, Mercader

et al. [68] show that starch grains derived from contemporary plants may be present in

topsoils.

The obsidian collection was stored in the museum in lidded plastic boxes, which minimizes

possible contamination from airborne starch during this period. Since our obsidian flakes

selected for starch extraction were excavated many years previous to the present study, it was

not possible to obtain soil samples for comparison with surface soil material or soil from the

excavation context. However, since the tools are from the bottom layer of a trench 3,5 m below

modern ground surface (and under a sand dune), contamination from modern vegetation is

unlikely.

Sampling of starch residues was undertaken at the conservation laboratory of the museum.

For this study, flakes were rinsed with distilled water to eliminate any surface sediments that

could have accumulated during storage in the Museum and that could carry possible contami-

nants [see 69, 70]. Flakes were observed under a binocular microscope for evidence of starch

remains and were scraped directly onto a microscope slide using a single use disposable plastic

toothpick. Slides and coverslips were previously cleaned with distilled water and ethyl alcohol

to avoid sample contamination. This cleaning protocol was also applied to all instruments

used during the preparation of the samples [71–73]. Flakes that did not show evident starch

residues under the microscope were still sampled. In this case, flake edges were scraped

directly over a microscope slide. As mentioned by Babot [72], it is important to sample sur-

faces even if obvious starch residues are not visible even under the binocular microscope, since

starch grains get lodged in the rock fissures and striations or may be too small to be seen under

small magnification. A drop of glycerin was added to the sample, which was homogenized

with the aid of a disposable agitator. Slides were then covered with a 25 x 25 mm coverslip and

sealed with nail polish. As indicated, all possible safeguards were taken to avoid contamination

with contemporary starches. This slide collection was then taken to Santiago for analysis in

our laboratory at the Facultad de Ciencias Básicas, Universidad Metropolitana de Ciencias de

la Educación.

The starch reference collection

The starch reference collection was prepared from 13 plant species (Table 2) in a separate lab-

oratory from where the archaeological samples were stored. The focus of this study was on

starch from i) traditional Polynesian economic plants, ii) South American crops, and iii) one

Eurasian crop species introduced to the Pacific and the Americas after European contact as an

external control species. Plants that currently do not grow on Easter Island, such as Inocarpus
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fagifer or Spondias dulcis, as well as some economic species from South America that could

have been transported along with sweet potato as part of the crops taken by Polynesians on

return voyages from South America, were also included, in particular since some of these spe-

cies were seen growing on the island in 1770 [74]. The starch reference collection used in this

research is composed of the following food and utilitarian species: i) Polynesian canoe plants,

Artocarpus altilis, Colocasia esculenta, Curcuma longa, Dioscorea alata, Inocarpus fagifer,Man-
ihot esculenta,Musa sp., Spondias dulcis, and Zingiber officinale, ii) plants of South American

origin, Canna sp., Ipomoea batatas, and Xanthosoma sp., and iii) Triticum aestivum, since this

species does not belong to the plant groups (Polynesian or South American) described above.

Triticum was included as a control species since it is frequently used in Chile and its presence

would indicate modern contamination of the archaeological samples. Of the other plants, Spo-
nidas dulcis, Inocarpus fagifer, and Triticum sp. are currently not being cultivated or planted

on the island. Specimens were collected by AS in Tonga, Tahiti, and Easter Island. Samples

from Santiago were collected by PB and AS. The sample of Dioscorea alata from the Solomon

Islands was collected by Anne di Piazza (CREDO, France). Vouchers were housed at the Biol-

ogy Laboratory of Universidad Metropolitana de Ciencias de la Educación, Santiago, Chile.

All specimens were mounted in duplicate and for each mounting, 50 starch grains were

analyzed. The sampling methodology was based on the protocols proposed by Babot [71] and

Scott Cummings [73]. In the case of fresh specimens, each organ was cut with a sterile razor

blade to expose its interior. In some cases, the starch grains were obtained by grinding on a

mortar and adding drops of distilled water when needed. With a sterile syringe, some drops

were added over one drop of immersion oil above the slide. In other cases, a direct smear of

the organ on the glass slide was obtained. Dry samples were hydrated in distilled water for 30

minutes, prior to the sample extraction protocol described above. Immersion oil 300 (Thomas

Scientific) was added to the sample and homogenized with the aid of a disposable agitator.

Slides were then covered with a 25 x 25 mm coverslip and sealed with nail polish. Finally, each

slide was labeled with a unique number consisting of the acronym SGO-AL, the number

assigned to each mounted copy, and a letter "a" or "b" to differentiate the duplicate mountings.

Table 2. List of 13 sampled plant species, plant parts, geographic origin, number of organs sampled per plant, and number of starch grains considered for the refer-

ence collection of this study.

Family Species Common name Organ Number of organs Provenance Number of starch grains

Anacardiaceae Spondias dulcis Tahitian apple Fruit 1 Tahiti 100

Araceae Colocasia esculenta Taro Corm 2 Rapa Nui 200

Araceae Xanthosoma sp. Malanga, Taro vaihi vaihi Corm 1 Rapa Nui 100

Cannaceae Canna sp. Achira Rhizome 1 Santiago 100

Convovulaceae Ipomoea batatas Sweet potato Tuber 1 Rapa Nui 100

Convovulaceae Ipomoea batatas Sweet potato Tuber 1 Santiago 100

Dioscoreaceae Dioscorea alata Yam Tuber 1 Solomon Isl. 100

Euforbiaceae Manihot esculenta Manioc Tuber 1 Santiago 100

Fabaceae Inocarpus fagifer Tahitian chestnut/mape Seed 1 Tahiti 100

Moraceae Artocarpus altilis Breadfruit Fruit 1 Tahiti 100

Moraceae Artocarpus altilis Breadfruit Fruit 1 Tonga 100

Musaseae Musa sp. Banana Fruit 1 Tahiti 100

Zingiberaceae Curcuma longa Turmeric Rhizome 1 Tahiti 100

Zingiberaceae Zingiber officinale Ginger Rhizome 1 Santiago 100

Poaceae Triticum aestivum Wheat Seed 1 Santiago 100

https://doi.org/10.1371/journal.pone.0298896.t002
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Data collection

All samples (reference collection and archaeological samples) were observed with a trinocular

transmitting bright field microscope (Leitz, Dialux 22) fitted with a polarizing filter, using 40x

magnification. A Moticam 10 MP digital camera and the Micrometrics software (Motic Images

plus 3.0) were used for image capturing, archiving, and measuring. Each starch grain received

an individual accession number.

Archaeological starch grains were distinguished by the prefix “Ala”. The mounted slides

with the archaeological starch grains were observed under the microscope traversing the slide

from left to right and from top to bottom, in each ocular field. The four inner edges of each

slide were also scanned. Each archaeological grain was photographed under visible and polar-

ized light, measuring the same parameters as for grains in the reference collection.

All starch grains of the reference collection were individually measured, and quantitative and

qualitative attributes were registered for each grain. Quantitative variables used follow Torrence

et al. [75] and correspond to the maximum and minimum length of the starch grain, total area,

total perimeter, maximum and minimum distance between the hilum, and the edge of the grain.

Briefly, four measurements for maximum and minimum length were made using the Motic Image

plus 3.0 software line tool, considering the symmetry axis of each grain. Variables were measured

as depicted in S1 Fig. With the aim of adding new metric parameters that would allow improving

the possibilities of accurately distinguishing between starch grains, we established three indexes

based on quantitative measurements. The first index was compactness (cI), based on the Gravelius

index [76] used in geomorphology to describe landform shapes. The cI index was calculated with

the following formula: (0.282*P)/(
p

A), where P is the perimeter and A is the area of the starch

grain. Obtained values were divided in three qualitative categories: circular (= 1), elongated (1.01–

1.25), and irregular (>1.26). Additionally, we established an elongation index (eI), and a centricity

index (ceI). The compactness and elongation indexes are related to the morphology of the starch

grain, while the centricity index relates to the hilum. The result provides a simplified version of of

the starch grain shapes and the hilum, and are calculated using the following formulas:

The el index is calculated by dividing the maximum length by the minimum length of the

starch grain. Obtained values were grouped into four ranges: not elongated (= 1), slightly elon-

gated (1.01–2), moderately elongated (2.01–3.0), and highly elongated (>3.01). The ceI index

(d max/(dmax + dmin)) allows determining the degree of deviation of the hilum with respect

to the center of the starch grain. The degree of centricity was classified as centric (0.5–0.6),

eccentric (0.61–0.70), or hyperexcentric (0.71–1.0).

Seven qualitative variables were also considered, based on descriptive variables and values, as

defined by Torrence et al. [75], Allen and Ussher [21], and Pagan [77]: the two- dimensional

shape of the starch grain, visibility and the location of the hilum, type of hilum (open or closed),

fissure in the hilum, shape of the fissure in the hilum, pressure facets, lamellae, and style of the

extinction cross. In terms of shape, the most common two-dimensional shapes were considered:

circular, oval, oblong, oblanceolate, polyhedral, polymorphic, or bell-shaped. The categorization

of the 2-dimensional shapes of starch grains is shown in S2 Fig. The shape of the arms (style) of

the extinction cross is one of the key variables for the identification of starch grains. These were

recorded as straight, curved, or wavy (S3 Fig). For the hilum, we considered three types: non-visi-

ble, closed, or open. Since some starch grains have fissures that originate in the hilum, we

recorded their shapes in the following categories: circular, simple, v-shaped, y-shaped, elongated,

hat/square-shaped, and absent (S3 Fig). Starch grain facets were registered as absent, flat, concave,

flat multi-faceted, concave multifaceted, and mixed multi-faceted. Lamellae were considered as

present or absent. However, since archaeological grains did not present this feature, this variable

was not considered in the final analysis. For a general description of the morphotypes associated
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with each species in the reference collection, see S1 Text. All data were transferred to a spread-

sheet and qualitative variables were categorized for the statistical analysis. The joint analysis of

quantitative and qualitative variables in the same matrix is justified on the basis that these variables

can be related, and therefore, this type of analysis provides a more complete understanding of the

phenomena under study. From a holistic point of view, this approach allows capturing both

numerical variation and category or group differences. This is especially relevant when trying to

gain a fuller understanding of a phenomenon or research problem, as it considers the complexity

of reality, and the observer can obtain a more complete view of the relationships between vari-

ables. By considering quantitative and qualitative variables together, greater analytical power can

be obtained to detect underlying relationships and patterns. Information obtained from data con-

sidering combined quantitative and qualitative variables helps to avoid simplistic or biased con-

clusions. By jointly analyzing quantitative and qualitative variables, complex interactions between

different dimensions or aspects of a phenomenon can be captured.

Exploratory data analysis

To maximize precision in the identification of the archaeological grains, an exploratory analysis

of the data [78] was carried out using the R program [79]. This exploratory analysis permits a

quick understanding of the nature of the data in the reference collection, considering summary

statistics and data visualization. Summary statistics provide values that explain data properties,

such as central tendency and data dispersion, thus indicating a measure of data variability. For

data visualization, and to find patterns or groups (clusters) within the reference collection, we

carried out an unsupervised analysis. The unsupervised analysis ignores the response variable

that indicates to which group each observation belongs; that is, the program works with the

complete data set and allows to define to which group each observation belongs [80]. As part of

this unsupervised analysis, and to determine which variables were more informative, a principal

component analysis (PCA) was carried out with the data matrix of the reference collection. In

addition, the following classification algorithms were implemented: Vector support machine

with Kernel (Support Vector Machine SVM) [81], and classifier with Random Forest [82].

Because the scale of the variables affects the clustering results, the reference and archaeolog-

ical data matrixes were scaled to give equal weight to all variables used and to ensure that when

constructing the classification algorithms, the classification is based only on similarity [83]. To

validate the classification algorithms, the reference collection database was subsequently used

to obtain a training set (75%) and a validation set (25%) [80].

Identification of archaeological starch grains

Based on the results obtained from the unsupervised analysis (described in the results section),

a Linear Discriminant Analysis was performed as a supervised classification method [80],

hereby obtaining a data subset of the reference collection matrix that was then used to identify

archaeological starch grains. Finally, the identification of the archaeological starch grains was

carried out by means of a Linear Discriminant Analysis. This supervised analysis was per-

formed with the combination of the data subset of the starches from the reference collection,

combined with the data matrix of the archaeological starches.

Results

Exploratory analysis of the data matrix of the reference collection

The reference dataset consisted of 1598 starch grain observations from the following species:

Artocarpus altilis (n = 200), Canna sp. (n = 100), Colocasia esculenta (n = 200), Curcuma longa
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(n = 100), Dioscorea alata (n = 100), Inocarpus fagifer (n = 100), Ipomoea batatas (n = 200),

Manihot esculenta (n = 100),Musa sp. (n = 100), Spondias dulcis (n = 100), Xanthosoma sp.

(n = 98), Zingiber officinale (n = 100), and wheat (Triticum eastivum) (n = 100). The statistical

summary of the variables of the reference collection data set shows variability and scale differ-

ences between the minimum and maximum values (see (Tables 1 to 13 in S1 File)). Therefore,

variables of the data matrix were rescaled.

All slides with the archaeological samples were viewed under polarized and visible light at

40x magnification. In total, 78 items that presented starch characteristics, such as birefringence

under polarized light, were photographed. Of these 78 items, six were later discarded since

after further observation they were identified as microcrystaline structures. The remaining 72

had the classic characteristics of starch granules, as described in the literature [77, 84, 85]. Of

these, 26 grains were discarded from the analysis because they were either damaged, were

found on the edge of the slide and under the nailpolish, or measurements of all variables could

not be performed under visible light (see S4 Fig). Consequently, the statistical analysis

included 46 archaeological grains. Quantitative measurements and categorization of the quali-

tative variables taken on each archaeological starch grain are shown in (Table 14 in S1 File).

Non-supervised analysis. For the initial unsupervised analysis, a PCA was carried out to

condense the information provided by the 15 analyzed variables to only a few major compo-

nents. The PCA also allows to determine which variables are more informative. The first two

main components were plotted (Fig 5A), which account for 57.5% of the data variability: 44%

in the case of the first component (PC1), and 13.5% for the second component (PC2). This

suggests that 42.5% of the data variability is accounted for by the other 13 components. There-

fore, by reducing the dimensionality, original data information is condensed to simplify the

analysis; however, part of the information is also lost. The eigenvalues and percentages of vari-

ation explained by the principal components for each of the 15 variables analyzed are specified

in (Table 15 in S1 File).

Classification algorithm of unsupervised analysis. Classification tree. A decision tree

was built with the original data set and the 15 variables. The diagram in Fig 5B shows that

77.53% of the starch grains could be classified correctly and that some of the binary and termi-

nal nodes included the same species, indicating that intraspecific variability was greater than

interspecific variability, hence precluding classification precision to 100% for each of the

species.

To validate the quality of the classification algorithms, a 75% training set and a 25% valida-

tion set were established from the original data set of 1598 observations. The confusion matrix

generated by both the Support Vector Machine (SVM) with kernel and the Random Forest

classifier, did not provide a prediction accuracy of 100% for each species of starch grain. This

is congruent with the great intraspecific variability observed in the data matrix with the 15 var-

iables analyzed. Fig 6 shows a heat map built from the two confusion matrices generated with

the training set (A) and with the original data set (B). Both matrices show that the A. altilis, S.

dulcis, D. alata, and Z. officinale species showed high prediction precision (> 80%, range 81–

100%), while the species that presented the lowest prediction precision in the total data set

were I. fagifer and I. batatas (<50%).

Classification algorithms of the supervised analysis for the identification of archaeolog-

ical starch grains. Considering that the unsupervised analysis was unable to predict correct

species allocation with 100% accuracy and that reducing the dimensionality by means of the

PCA resulted in the loss of original data, we chose to perform a discriminant analysis with the

total data set (1598 observations). Of these, a data subset of 1240 observations that corre-

sponded to the number of starch grains were correctly classified. As a result, the comparative

collection analysis matrix used to classify the archaeological starches was constructed on a
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Fig 5. Principal Component Analysis (A) and Classification Tree (B) with the 15 variables measured in the 13 plant species of the reference collection (1598

observations). Variable codes are shown in the Biplot (Eigenvalue scale) and in the Decision tree: 1: Maximum grain length. 2: Minimum grain length. 3:

Elongation index. 4: Total perimeter. 5: Total area. 6: Compactness index. 7: Maximum distance between the hilum and edge. 8: Minimum distance between

the hilum and edge. 9: Centricity index. 10: 2D shape. 11: Hilum type. 12: Hilum fissure. 13: Hilum fissure shape. 14: Facets. 15: Style of extinction cross. The

percentage of variance explained by components 1 and 2 are shown on the axes. The decision tree shows 31 nodes, fifteen of which are associated with a binary

decision with branches to the left and right. Sixteen nodes are terminal branches.

https://doi.org/10.1371/journal.pone.0298896.g005
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reduced number of starch grains from each species: A. altilis (n = 187), Canna sp. (n = 81), C.

esculenta (n = 121), C. longa (n = 94), D. alata (n = 100), I. fagifer (n = 59), I. batatas (n = 103),

M. esculenta (n = 71),Musa sp. (n = 71), S. dulcis (n = 97), Triticum sp. (n = 78), Xanthosoma
sp. (n = 80), and Z. officinale (n = 98).

Table 3 shows the results of using the derived discriminant functions to classify the 46

starch grains from the archaeological collection. It lists the two highest scores among the classi-

fication functions for each of the starches in the archaeological collection within the reference

collection. Of the 46 archaeological starches found on the obsidian artifacts, 21 were securely

classified with probabilities greater than 90%, and assigned to a species in the reference collec-

tion (A. altilis = 5; Canna sp. = 2; C. esculenta = 1; D. alata = 2; I. batatas = 2;M. esculenta = 1;

S. dulcis = 4; and Z. officinale sp. = 4) (Figs 7–11)). Eight grains were classified as closer to

other archaeological grains than to starches from the reference collection (Fig 12). Further-

more, five archaeological grains were classified with probabilities between 80% and 90% (A.

altilis = 1, D. alata = 1,M. esculenta = 1, and S. dulcis = 2). Finally, 12 other starch grains could

not be securely classified since the classification was below p<0.80 (Table 3). Two of these

grains were classified closest to other archaeological grains, and ten had similar characteristics

to several superimposed species, such as I. batatas, I. fagifer, andM. escuenta, as shown in Fig

5A, or may belong to a species not included in the reference collection.

Fig 6. Heat map of the two confusion matrixes generated with the complete and the training data set. A) Complete data set; B)

Training set.

https://doi.org/10.1371/journal.pone.0298896.g006
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Table 3. Species allocation of the 46 archaeological starch grains based on results of the derived discriminant functions analysis.

Archaeological starch grain Highest group Highest value Squared distance Prob. 2nd highest group 2nd highest value Squared distance Prob.

Ala 0002 Ipomoea batatas -0,80 32,87 0,78 Manihot esculenta -2,08 35,43 0,22

Ala 0004 Ipomoea batatas -3,89 26,33 0,56 Archeo -4,15 26,86 0,43

Ala 0005 Artocarpus altilis 0,82 117,88 0,93 Ipomoea batatas -2,08 123,67 0,05

Ala 0006 Dioscorea alata 18,65 146,02 1,00 Curcuma longa 3,15 177,01 0,00

Ala 0007 Artocarpus altilis 7,89 21,75 0,97 Manihot esculenta 4,32 28,90 0,03

Ala 0010 Ipomoea batatas 0,33 12,80 0,52 Manihot esculenta 0,23 13,00 0,47

Ala 0011 Inocarpus fagifer -2,85 33,23 0,43 Ipomoea batatas -3,06 33,64 0,35

Ala 0012 Spondia dulcis -2,61 40,07 0,52 Archeo -2,70 40,25 0,48

Ala 0013 Spondia dulcis 0,91 52,04 1,00 Archeo -4,94 63,73 0,00

Ala 0014 Zingiber officinale 3,34 102,70 1,00 Archeo -2,54 114,44 0,00

Ala 0015 Canna sp. 22,32 112,31 1,00 Musa sp. 0,69 155,57 0,00

Ala 0016 Xanthosoma sp. -2,62 86,46 0,55 Ipomoea batatas -2,89 86,99 0,42

Ala 0021 Spondia dulcis 0,04 31,26 0,98 Archeo -3,76 38,86 0,02

Ala 0023 Spondia dulcis 5,13 20,88 1,00 Zingiber_officinale -3,27 37,69 0,00

Ala 0024 Ipomoea batatas 0,88 12,81 0,92 Manihot_esculenta -1,73 18,02 0,07

Ala 0027 Ipomoea batatas 0,46 10,45 0,57 Manihot_esculenta 0,17 11,03 0,42

Ala 0037 Colocasia esculenta 26,16 106,89 1,00 Inocarpus_fagifer 16,43 126,33 0,00

Ala 0039 Manihot esculenta 1,94 42,56 0,95 Ipomoea_batatas -1,13 48,71 0,04

Ala 0041 Canna sp. 3,51 75,19 0,97 Ipomoea_batatas 0,11 81,99 0,03

Ala 0043 Artocarpus altilis 9,52 7,34 0,99 Manihot_esculenta 4,47 17,43 0,01

Ala 0044 Ipomoea batatas 1,12 51,57 0,95 Archeo -1,76 57,33 0,05

Ala 0045 Dioscorea alata 13,82 47,72 0,86 Spondia_dulcis 11,99 51,37 0,14

Ala 0046 Zingiber officinale 2,23 53,18 0,99 Archeo -2,74 63,12 0,01

Ala 0047 Zingiber officinale 5,95 31,18 1,00 Archeo -0,52 44,11 0,00

Ala 0048 Spondia dulcis 1,95 33,15 0,94 Archeo -0,81 38,67 0,06

Ala 0049 Manihot esculenta 0,35 48,60 0,81 Archeo -1,57 52,45 0,12

Ala 0050 Archeo 0,46 41,65 0,98 Spondia dulcis -3,69 49,96 0,02

Ala 0051 Zingiber officinale 4,91 37,00 0,98 Spondia dulcis 0,72 45,39 0,01

Ala 0052 Artocarpus altilis 35,38 148,82 1,00 Inocarpus fagifer 24,42 170,75 0,00

Ala 0053 Archeo -2,98 71,02 0,52 Ipomoea batatas -3,06 71,18 0,48

Ala 0055 Archeo -0,64 31,85 0,98 Ipomoea batatas -4,70 39,96 0,02

Ala 0056 Artocarpus altilis 4,99 8,92 0,95 Manihot esculenta 1,84 15,23 0,04

Ala 0057 Artocarpus altilis 15,79 33,33 0,85 Manihot esculenta 14,04 36,83 0,15

Ala 0058 Spondia dulcis 0,57 27,43 0,82 Archeo -0,97 30,51 0,18

Ala 0060 Archeo -2,27 16,51 0,95 Ipomoea batatas -5,27 22,51 0,05

Ala 0061 Archeo 1,95 79,13 0,66 Curcuma longa 1,23 80,57 0,32

Ala 0063 Spondia dulcis 1,23 21,13 0,85 Archeo -0,50 24,59 0,15

Ala 0064 Manihot esculenta 0,46 13,37 0,49 Ipomoea batatas 0,44 13,41 0,48

Ala 0065 Archeo 0,30 45,52 0,99 Ipomoea batatas -4,88 55,86 0,01

Ala 0066 Ipomoea batatas -1,32 95,14 0,65 Zingiber officinale -1,96 96,43 0,34

Ala 0071 Archeo 0,52 76,75 0,99 Artocarpus altilis -5,56 88,92 0,00

Ala 0072 Archeo 1,01 62,59 1,00 Ipomoea batatas -6,41 77,42 0,00

Ala 0073 Ipomoea batatas -0,77 55,16 0,73 Archeo -1,76 57,12 0,27

Ala 0074 Archeo -0,37 61,11 1,00 Xanthosoma sp. -7,12 74,61 0,00

Ala 0075 Dioscorea alata 20,47 56,15 1,00 Spondia dulcis 9,52 78,06 0,00

(Continued)
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Species identification versus archaeological artifacts. Table 4 shows the number of

starch grains found attached on each individual artifact. Artifact 322–4 registered the highest

number of starch grains (n = 7). Starch grains on this artifact were assigned with over 90%

probability to the following species: A. altilis, S. dulcis, and Z. officinale, while the identification

ofM. esculenta corresponded to a lower percentage (80%). Eight grains were most similar to

other archaeological starch grains and therefore, could not be identified. Artifacts 316–1 and

322–7 had the second-highest number of starch grains attached (n = 6). Species found on arti-

fact 316–1 belonged to the following: A. altilis and Dioscorea sp. with over 90% probability,

while three grains were identified with low probability to Ipomoea batatas. All species on arti-

fact 322–7 were identified with< 90% probability as I. batatas,M. esculentat, and S. dulcis.
The remaining grains were most similar to other archaeological starch grains and could not be

Table 3. (Continued)

Archaeological starch grain Highest group Highest value Squared distance Prob. 2nd highest group 2nd highest value Squared distance Prob.

Ala 0077 Archeo -0,3897 33,45 0,93 Spondia dulcis -3,00 38,67 0,07

In bold and underlined 21 starch grains correctly assigned to species with certainty of correct assignment above 90% probability. The columns list the two highest scores

among the classification functions for each of the observations used to fit the model (based on the 1240 observations of the reference collection) of the 46 observations of

the archaeological starch grains. For example, in row 1 (starch grain Ala 002), the highest score corresponds to Ipomoea batatas, while the second highest score

corresponds toManihot esculenta. In bold, eight grains identified as Archeo indicate that closest similarty is with another archaeological starch grains.

https://doi.org/10.1371/journal.pone.0298896.t003

Fig 7. Starch grains identified at>90% confidence to Artocarpus altilis, shown under polarized and brightfield light. A–D Archaeological starch grains

under polarized and brightfield light (Ala 43, Ala 52, Ala 56, and Ala 07, respectively). E-F Starch grains of A. altilis from the reference collection. Scale

bars = 10 μm.

https://doi.org/10.1371/journal.pone.0298896.g007
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identified. Artifacts 322–3 and 322–9 each had four grains represented by the following spe-

cies: Artifact 322–3, contained A. altilis, I. batatas, and Z. officinale, with over 90% probability,

and D. alata with 84% probability. Artifact 322–9 had one grain of D. alata, one possible grain

of I. batatas, and three unidentifiable grains. Artifacts 316–2, 316-3-316-4, and 322–5 had

three grains each, while of the remaining six artifacts, one had two grains and the rest only a

single starch grain. On three artifacts no measurable grains were found. For details of the dis-

tribution of all measurable starch grains on each artifact, see Table 5.

Grains that matched other archaeological grains were examined visually. This observation

and comparison with our reference collection permitted their identification based on the crite-

ria described in S1 Text and in the descriptions published by Pagan [77]. Three of these grains

could be assigned to I. batatas and three toM. esculenta. One grain could be assigned to I. fagi-
fer and one to Xanthosoma sp. Finally, one grain showed features that could either be

adscribed to I. batatas or toM. esculenta, because these two species have extensive overlaps, as

mentioned earlier (Fig 12). No grains ofMusa sp., Curcuma longa, and Triticum aestivum
were found on any of the analyzed tools.

Fig 8. Starch grains identified at>90% confidence to Spondias dulcis, shown under polarized and brightfield light. A–F

Archaeological starch grains under polarized and brightfield light (Ala 13, Ala 48, Ala 21, and Ala 23, respectively). G-H. Comparative

starch grains of S. dulcis from the reference collection. Scale bars = 10 μm.

https://doi.org/10.1371/journal.pone.0298896.g008
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Discussion

Methodological aspects and successful species identification

As a starting point, we defined and standardized several variables, as suggested by Torrence

et al. [75], Allen and Ussher [21], and Pagán [77] through images and explanatory drawings

and complemented them with indexes we defined. Our aim was to develop a replicable meth-

odology that would reduce the subjectivity of each observer as much as possible, particularly

that inherent in qualitative parameters. The subjectivity unavoidably arises from the fact that

each person’s brain selects and processes images in a unique way and therefore, builds an

image that is almost impossible to reproduce by another individual [86].

The number of species represented in our reference collection, and the possibility of includ-

ing additional species in the future, induced us to choose a method that would facilitate the

classification of samples from unexpected sources, limit observer bias, and allow us to rely on

the power of statistical tools. Considering that the aim of this study was to investigate the pres-

ence of common and uncommon starchy plant organs in Rapa Nui during early settlement, of

either Pacific or American origin at initial colonization, our reference collection needed to be

diverse, and include traditional crops from both regions. Although visual assessment of starch

grains and comparison with a reference collection is a valid approach commonly used in the

analysis of archaeological starch grains [see 87], we relied primarily on objective parameters

and analysis for this study. Therefore, we discarded direct identification methods that solely

rely on the analyst’s expertise, or a method based on the use of a limited number of variables,

Fig 9. Starch grains identified at>90% confidence to Zingiber officinale, shown under polarized and brightfield light. A–D (Ala

14, Ala 47, Ala 46, and Ala 57, respectively). E-F Starch grains of Z. officinale from the reference collection. Scale bars = 10 μm.

https://doi.org/10.1371/journal.pone.0298896.g009
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such as size, shape, and features of the hilum. As discussed by Leonel [84] and Horrocks &

Wozniak [55], many taxa have starch grains that are similar in shape and size, in addition to

the intraspecific variability that starch grains present, contrary to the idea that they have fixed

and immutable characters. The starch identification method used in this study combines tradi-

tional morphological-size observations with two new metric indices and a two-step statistical

analysis. We first conducted an exploratory unsupervised analysis of the data matrix from the

reference collection and associated classification scheme. This resulted in a large overlap of

starch morphotypes. To overcome this problem and increase the percentage of correctly

assigned granules to each species, we reduced our data set to those grains in the reference col-

lection data set that could accurately assign the allocation of unknown grains, a method previ-

ously proposed by Coster and Field [88], even though they used different algorithms. The

second step consisted of establishing a classification algorithm in which only a subset of the

data set was used, enabling us to increase correct species allocation to over 90% accuracy in

almost fifty percent of the analyzed grains. This subset of the reference collection was then

used for comparative purposes in the allocation of the archaeological grains.

Fig 10. Starch grains identified at>90% confidence to Dioscorea alata and Canna sp., shown under polarized and brightfield

light. A–B Archaeological starch grains (Ala 06 and Ala 75) assigned to D. alata. C—D Starch grains of the reference collection of D.

alata under polarized and brightfield light. E–F Archaeological starch grains (Ala 15 and Ala 41) assigned to Canna sp. G—H Starch

grains of Canna sp. from the reference collection Scale bars = 10 μm.

https://doi.org/10.1371/journal.pone.0298896.g010
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The statistical analysis allowed us to discriminate between starch grains from species that

present extensive morphological overlap between species and are very variable within species.

By using a data subset of correctly classified grains using discriminant function analysis, we

were able to discriminate between taxa, allowing unambiguous identification at the species

level of 21 starch grains from the archaeological collection with a probability of>90% and five

additional grains with over 80% probability. With this analysis ten plant species were identi-

fied, of which eight species were identified with>90% certainty (A. altilis, Canna sp., C. escu-
lenta, D. alata, I. batatas,M. esculenta, S. dulcis, and Z. officinale, see Table 3).

A group of 26 grains could not be included in the statistical analysis either because they

were partially damaged, or the total number of variables could not be measured. Ten grains

could not be assigned by the statistical analysis to any species included in the reference collec-

tion, because they matched better to other archaeological grains than to any of the species in

the reference collection. However, visual examination of these grains and comparison with our

reference collection permitted their identification. These grains could be assigned to I. batatas,
M. esculenta, I. fagifer, and Xanthosoma sp.

Cultural use of obsidian artifacts that hold starch grains

The number of starch grains found on each individual tool is small compared to the number

of starch grains reported in other case studies [e.g. 89, 90]. However, most of these studies

extracted starch grains from coarse-grained grinding or pounding stone tools, where the starch

grains got trapped in cracks or crevices found on the surface of these tools. In our case, we

were dealing with natural glass flakes with smooth surfaces and only some striation and scar-

ring on the edges due to use wear, in which starch grains can get trapped [91, 92]. It is

Fig 11. Starch grains identified at>90% confidence to Colocasia esculenta, Ipomoea batatas, and Manihot esculenta, shown

under polarized and brightfield light. A, C and E Archaeological starch grains under polarized and brightfield light (Ala 37, Ala 24,

and Ala 39) identified to the following species: C. esculenta, I. batatas, andM. esculenta, respectively. B, D and F Starch grains of the

reference collection under polarized and brightfield light of C. esculenta, I. batatas, andM. esculenta, respectively. Scale bars = 10 μm.

https://doi.org/10.1371/journal.pone.0298896.g011
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therefore not unlikely that the number of starch grains that adhere to these surfaces is much

smaller than those recovered from coarser materials.

With regards to the processing of plant remains, the presence of mostly unmodified

starches is indicative that these obsidian tools were used mainly for the processing of raw

organs. The presence of unmodified starch grains suggests that the tools were used for process-

ing tubers, rhizomes, fruits, and/or kernels before cooking. The presence of multiple species

on a single artifact implies that these small flakes were multipurpose tools that were possibly

used repeatedly and not washed between uses. This could have involved either cutting, scrap-

ing off the skins, or some other type of processing. In traditional Polynesian cooking, food

may need to be husked, scraped, peeled, or grated before transforming into a pudding (po’e),
or before grilling, roasting, or placing inside the earth oven [93]. Most of the species identified

Fig 12. Archaeological starch grains identified with>90% probablity as most similar to other archaeological grains, under cross

polarized and brightfield light. A = Ala 50, B = Ala 52 and 53, C = 55, D = Ala 60; E = Ala 61, F = Ala 65, G = Ala 71, H = Ala 72,

I = Ala 74, and J = Ala 77.Visual inspection allowed assignation of grains as follows: Ala 50 to I. batatas orM. esculenta; Ala 53 to A.

altilis; Ala 55 to I. batatas; Ala 60 and 61 to I. fagifer; Ala 61 and 65 to I. batatas; Ala 71, Ala 72, and Ala 74 to M. escuelnta; and Ala 77

to Xanthosoma sp. Scale bars = 10 μm.

https://doi.org/10.1371/journal.pone.0298896.g012
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in this study required cooking to make them edible; the only exception is sweet potato (I. bata-
tas), which can be consumed raw. Interestingly, Tromp & Dudgeon [43] extracted starch from

dental calculus from Rapanui human remains and only found remains of I. batatas that had

been consumed raw.

Identification of Pacific species from the early settlement site on Rapa Nui

The literature indicates that over 300 plant species were transported at one time or another

across the Pacific as part of the west-to-east colonization process. Of these, only about 20 to 30

species are supposed to have reached Rapa Nui [13]. Whistler [14] has posited that the cooler

climate encountered by the early colonists in southern Polynesia constrained tropical crop

production, such as taro, breadfruit, or I. fagifer. However, in the southern Polynesian islands

of Rapa and Raivavae, taro was grown successfully in the lowland areas of these islands [20,

94].

Our results show the presence of species that are part of the traditional Rapa Nui crop

inventory, such as D. alata and C. esculenta, a subset of the canoe plants previously recorded

for this island. In addition, we found some species not previously recorded for Rapa Nui, such

as A. altilis, S. dulcis, and Z. officinale. The first two species are known to have reached other

Pacific Islands but have not been mentioned either in oral tradition or historic reports as being

part of the plants or crops that reached Rapa Nui. On the other hand, the finding of Z. offici-
nale is, to our knowledge, the first report for Remote Oceania and will be discussed below.

The presence of grains from both Dioscorea sp. (n = 3, with over 80% probability) and C.

esculenta (n = 1, with 99% probability) is in line with similar studies for the rest of the Pacific,

where they are the predominant species [95–99]. The local tradition mentions both crops, but

particularly Dioscorea sp., as one of the cultivated plants already present on the island when

Table 4. The number of starch grains found on each of the archaeological artifacts.

Artifact Code Artifact type N˚ starch grains

0316–1 non-retouched flake 6

0316–2 non-retouched flake 3

0316–3 non-retouched flake 3

0316–4 non-retouched flake 3

0316–5 non-retouched flake 0

0316–6 non-retouched flake 1

0316–7 non-retouched flake 0

0316–8 non-retouched flake 0

0316–9 non-retouched flake 0

0322–1 non-retouched flake 1

0322–2 non-retouched flake 2

0322–3 non-retouched flake 4

0322–4 non-retouched flake 7

0322–5 non-retouched flake 3

0322–6 non-retouched flake 1

0322–7 non-retouched flake 6

0322–8 non-retouched flake 1

0322–9 non-retouched flake 4

0322–10 non-retouched flake 0

0322–11 non-retouched flake 1

Total number of grains: 46

https://doi.org/10.1371/journal.pone.0298896.t004

PLOS ONE Identification of crops in early settlement of Rapa Nui revealed through starch analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0298896 March 20, 2024 22 / 36

https://doi.org/10.1371/journal.pone.0298896.t004
https://doi.org/10.1371/journal.pone.0298896


the first emissaries from the founding king, Hotu A Matu’a, visited the island of Rapa Nui

[11]. Martinsson-Wallin’s research in the Vinapu area [100, 101] has indicated that elongated

holes found in prehistoric contexts could indicate the cultivation of Dioscorea sp. or yams.

The unexpected finding of three species, i.e., breadfruit (A. altilis), Tahitian apple (S. dulcis),
and ginger (Z. officinale), not previously recorded for Rapa Nui, requires some discussion.

Breadfruit is thought to have been domesticated somewhere in Island Southeast Asia and west-

ern Melanesia, including New Guinea [102, 103] and was dispersed by humans since at least

early Lapita times [104, 105], is one of the most important food plants of the Pacific. According

to the literature, breadfruit is not considered part of the suite of plants that reached Rapa Nui.

Some authors have discussed that, if ever present, it did not survive because of the subtropical

climate conditions of the island [106]. There are only two previous archaeological records for

the presence of breadfruit in the wider region of East Polynesia. The first corresponds to starch

grains attached to shell artifacts dated to 1400 to 1600 AD in the Marquesas [21], and the sec-

ond corresponds to charred exocarp remains from late contexts of the Society Islands [107].

Our findings therefore represent the third, and earliest record of this species in the archaeolog-

ical context of East Polynesia. Breadfruit was a central crop in East Polynesia at the time of

European contact, both as a staple for food and for its wood, which was used in the construc-

tion of elite or ritual buildings and the carving of sacred objects [see 108, 109]. Carpological

Table 5. Species distribution on archaeological artifacts and number of grains per artifact.

316–1 316–2 316–

3

316–4 316–

6

322–

1

322–

2

322–

3

322–4 322–5 322–

6

322–7 322–

8

322–9 322–

11

total number of

starch grains per

species

Artocarpus altilis 2 (05)

(07)

1

(43)

1 (52) 2 (56)

(57)

6

Canna sp. 1

(15)

1

(39)

2

Colocasia esculenta 1

(37)

1

Dioscorea alata 1 (06) 1

(45)

1 (75) 3

Inocarpus fagifer 1 (11) 1

Ipomoea batatas 3 (02),

(03)

(10)

1 (24) 1(27) 1

(44)

1 (66) 1 (73) 8

Manihot esculenta 1

(39)

1 (49) 1 (64) 3

Spondias dulcis 2 (12)

(13)

2 (21)

(23)

1 (48) 1 58) 1 (63) 7

Xanthosoma sp. 1

(16)

1

Zingiber officinale 1

(14)

1

(46)

2 (47)

(51)

4

Archaeological starch 2 (50)

(53)

1 (55) 3 (60)

(61)

(65)

1

(71)

1 (72)

(74)

1

(77)

10

Number of measurable

starch grains on each

artifact (n = 46)

6 3 3 3 1 1 2 4 7 3 1 6 1 4 1

Numbers in parentheses indicate the Ala starch number. Numbers in bold indicate species identification with >90% probability.

Note:Musa sp., Curcuma longa, and Triticum aestivum were not found.

https://doi.org/10.1371/journal.pone.0298896.t005
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remains of breadfruit have also been identified in 13th-14th century archaeological contexts

on Maupiti islands [18], Mangareva [110], and Hawaii [111].

The presence of breadfruit starch on the tools from Anakena provides the first evidence

that this species was introduced to Easter Island as part of the colonizing strategy. It probably

survived and grew for several generations before disappearing. Until now, we lacked physical

evidence (macro or microremains) for its presence in antiquity. On Rapa Nui today, this tree

grows and bears fruit, but islanders hardly ever eat it and it does not form part of the staple

diet. The available climate data bases indicate that between ca. 800 AD and 1200 AD, the island

was affected by the warmer conditions of the Medieval Climate Anomaly, after which tempera-

tures dropped at the onset of the Little Ice Age [112]. Although other explanations can be

advanced, it is possible that the drop in temperatures beginning in 1300 AD may have caused

the disappearance of this and other species. Breadfruit is represented by four clearly identified

starch grains with an over 90% probability.

The presence of S. dulcis on Rapa Nui, another widely distributed Polynesian crop, is also

surprising. This species, also known as Tahitian or golden apple, grows best in the subhumid

and frost-free tropics with temperatures not above 27˚C, where it is found from sea level up to

700 meters of altitude. Spondias does not require cooking for human consumption. To our

knowledge, no previous record of the presence of this tree exists for Rapa Nui. Today, in East

Polynesia, S. dulcis grows along the edges of old gardens, riverbanks, coastal areas, and coconut

plantations. Spondias dulcis has been identified through anthracological studies in the Society

Islands [113] as a tree commonly used for fuel. This species is represented by four distinctly

identified starch grains (>90% probability).

Ginger (Z. officinale) is one of the 50 to 60 species of the Zingiber genus that grow in the

tropics, from Asia to New Guinea [114]. The original homeland is uncertain as ginger no lon-

ger grows wild [115, 116], and the origin of its domestication is unclear, but some species of

the genus may be native to the Pacific Islands [114]. Ginger has been used as medicine and a

spice in India and China since ancient times [116]. In India, ginger starch has been identified

at the site of Farmana [117], and in China, ginger starch granules have been identified at the

Neolithic Dadiwan site [118], and Liu et al. [119] found starch remains associated with the pro-

duction of alcoholic beverages in containers dating to 9000–7000 cal BP. Recently, ginger

starch grains have been identified on grinding stones from Vietnam [117]. Ginger was one of

the first Oriental spices to reach the Greeks and Romans about 2000 years ago, was known in

France and Germany since the ninth century, England since the tenth century [115, 116] and

reached Scandinavia only in the 15th century [120]. However, information about its eastward

spread is scant. Kaushal et al. [121] state that ginger is one of the traditional medicinal plants

that have been used for over 2000 years by Polynesians to treat diabetes, cancer, and many

other diseases. Lepofsky [122] comments that in the Society Islands, wild ginger (Z. zerumbet)
was probably more common in the past than it is today, and the early observers were largely

silent regarding ginger in general. The same author remarks that ginger was probably culti-

vated, based on its association with archaeological sites.

The finding of four archaeological starch grains identified with high probability (>90%) as

ginger on three obsidian tools is, to our knowledge, the first evidence that this species was

introduced to Easter Island during early settlement. As stated above, this result was unex-

pected, particularly as this species is not mentioned in legends, nor was it described by any of

the early European explorers or visitors to Rapa Nui. Although there might be previous clues

for this highly valued spice in the Society Islands, we consider this result with great caution

while waiting for additional and independent evidence for its presence on Rapa Nui.

Finally, one grain was visually identified as belonging to Inocarpus fagifer, or the Tahitian

chestnut. This tree is commonly found in Oceania and grows mainly in lowland areas
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associated with riverbanks along the shoreline or close to coconut plantations. It is planted for

its wood and nuts, which need cooking to make them edible. According to Pauku [123], it was

cultivated more intensively in the past than today. The starch grains of these species have an

important overlap with the grains of I. batatas, and therefore, we need to exercise caution

regarding this identification.

Identification of American species from the earliest settlement site on Rapa

Nui

We also found evidence for three species of South American origin, commonly not recognized

as part of the prehistoric starchy foods available on this island. These are Canna sp. (achira), I.
batatas (sweet potato or kumara), andM. esculenta (manioc). First, we will discuss the case of

Canna sp., or “achira”, native to South America and the Caribbean. It is possibly one of the

very early domesticates of the Northeastern South American region [124]. Even today, in

Ecuador and Colombia, C. edulis roots provide starch for cooking, and the leaves are used for

wrapping food. Its roots can also be eaten raw. C. indica is a close relative of C. edulis, is grown

for its flowers, and is found today on many Pacific Islands.

The Spanish Expedition to Easter Island in 1770 mentions the presence of achira. The car-

tographer José de Moraleda, writing from Chiloé in January 1771, stated explicitly that achiraf
(sic) was one of the Easter Islanders’ food items [74]. Achira is also mentioned in one of the

maps signed by Juan Hervé of the same expedition and reproduced by Mellén-Blanco [67],

which includes several cultivated plant species. Also, according to a letter written later by the

Viceroy Amat to his successor, Viceroy Manuel de Guirior in 1761, achira is on the list of spe-

cies described for the island [74].

Langdon [125], discussing the early presence of both achira and manioc on Rapa Nui,

raised the possibility that some of these crops may have been misidentified. However, the

Spanish probably recognized the few South American plant species observed. Langdon [125]

has pointed out that they might have confused turmeric with achira since they belong to the

same plant family. Nonetheless, they were quite clear in stating that one of these was used to

stain cloth (turmeric), and the other was used as a food item. Unlike turmeric, achira is not

known to produce a yellow dye. Canna sp. is represented by two starch grains identified with

96% and 100% probability.

Sweet potato (I. batatas) and manioc (M. esculenta) starch grains exhibit a substantial mor-

phological overlap, as shown in Fig 5A. The presence of sweet potato in archaeological con-

texts in the Pacific has been subject to extensive scientific discussion, as for a long time it was

the sole evidence regarding contact between Polynesia and South America[e.g., references in

52, 87, 126–128]. Barrau [129] originally proposed that its presence in the Pacific was the result

of three independent introductions. This hypothesis was further discussed and developed by

Yen [130] and Green [131] and taken up again by Roullier et al. [52] based on genetic studies

of the different variants introduced in prehistoric and historic times across the Pacific. The

genetic and archaeological evidence indicate that the first introduction and wide dispersal of

this species throughout East Polynesia occurred on the west coast of South America and took

place around 1000–1100 AD [131]. Sweet potatoes could have been introduced into the Pacific

as early as 1200–1400 AD, as reported by Allen and Ussher [21] in the Marquesas. Addition-

ally, archaeological remains from Mangaia Island in the Cook Islands have been dated to

1361–1466 AD [132] and in Hawaii to 1297–1422 AD [133]. On Rapa Nui, Skjølvold [134]

described finding carbonized remains of sweet potato, sugar cane, and makoi nuts at site E-2

in Anakena which were dated to 1437–1619 AD [135]. Horrocks and Wozniak [55] dated

sweet potatoe starch grains from a garden at Te Niu, obtaining dates both older and younger

PLOS ONE Identification of crops in early settlement of Rapa Nui revealed through starch analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0298896 March 20, 2024 25 / 36

https://doi.org/10.1371/journal.pone.0298896


than 1400 AD. The available evidence so far suggests an introduction around 1200–1300 AD,

in conjunction with the appearance of new types of archaeological features [136]. Additional

radiocarbon dates of 1322–1438 AD (2 sigma, NZA-37006, 587±30 BP) were reported by Hor-

rocks et al. [50].

The identification of sweet potato starch grains in the lower levels of the Anakena site sug-

gests an introduction of this species to Rapa Nui during the earliest settlement period. How-

ever, our results call for caution because, although we found 11 starch grains, only two of them

were identified with over 90% probability (see Table 5). Six grains were identified with low

probability and overlap withM. esculenta, and three were identified visually. We need to point

out that another species of the genus, Ipomoea pes-caprae, is indigenous to the island [137].

Ethnographic information indicates that stems, leaves, and roots were consumed as famine

food [106, 137]. As I. pes-caprae does not have underground starchy organs, the starch grains

found in this study cannot be attributed to the indigenous species (See http://legacy.tropicos.

org/Image/101438018). In addition, our assessment considers the characteristics of the mor-

photypes described by us for I. batatas roots (see S1 Text) that are like the ones described by

other authors and used to distinguish I. batatas starch from other Polynesian geophytes.

Manihot esculenta is the third of the South American species identified in this study. It is

generally known by the names of cassava, mandioca, or manioc; the common indigenous

name in the Andean region of Peru and Ecuador, and Northern South America is yuca [138].

It has generally been assumed that manioc was introduced by missionaries into the Pacific in

the 1850s [139, 140]. After the Spanish Expedition of 1770, the presence of manioc on the

island was only noted again in 1911 by Martı́nez [141] and Fuentes [142], both members of the

1911 Chilean scientific expedition to Rapa Nui [143], who saw it growing in the islanders´ gar-

den plots. It was also mentioned later by other scholars [10, 106]. Whether the plants seen in

the early 20th century are descendants of old stock or recent re-introductions from Tahiti, as

posed by Barrau [139], is still an open question. Métraux [106] considered manioc to be a

recent European introduction and lists it together with peas, melons, onions, and the like,

while Heyerdahl and Ferdon [10] considered that the evidence was not conclusive. This con-

troversy can only be assessed through direct genetic analyses of the plant samples collected by

Fuentes for the Herbarium of the National Natural History Museum in Santiago (SGO). Blixen

[144] posed that if the identification of manioc by the Spanish was correct, this would signify

its presence on the island since times long preceding a modern introduction from Tahiti. This

hypothesis is now better supported by our findings, but our results for this species are still not

conclusive. On the other hand, recent introductions cannot be excluded.

We need to be cautious with the identification of this species; the allocation score of starch

grains to this species is of two grains, of which only one is identified with over 90% probability.

Three additional grains were identified visually based on specific characteristics of this species,

such as the size and shape of the grains, an open hilum with curvy or y-shaped fissures, and

mixed pressure facettes.

Finally, the visual examination also shows the presence of one grain assigned to Xantho-
soma sp., which is one of the many edible plants in the Aroid family. In the Pacific, it is com-

monly referred to or confused with taro and is consumed very much like it [145]. This is also

the case for Rapa Nui, where Xanthosoma sp. plants are known under the common name “taro
vaihi”, from where our reference material originates. The native distribution range of the most

common edible species (X. sagittifolium) is unclear, but it has been suggested that it is native to

northern South America, comprising Colombia, Peru, Ecuador, and Venezuela [146, 147]. In

this region, it is commonly known under the names “malanga” or “yautía” [148]. Almost

nothing is known about its introduction into the Pacific Islands, and it has commonly been

assumed that its introduction dates to historic times. Today, it is even considered an invasive
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species on many islands [149]. Pollock [150] also mentioned Xanthosoma as one of the “new

introductions” to the Tahitian food inventory. In this study, it is represented only by one

starch grain that shows the characteristic features of this species in our collection, such as its

size, bell shape, and open hilum with a large fissure. Our study shows for the first time that this

crop might have been present on the island in pre-European times. It could have been carried

on the canoes on the return voyages from the continent, in particular because of its similarities

to taro.

The introduction of these South American species strongly suggests that some type of con-

tact was established between Polynesian seafarers and South American populations. Our find-

ings provide the first evidence that these species could have been introduced much earlier than

previously thought, as part of a package of South American plants that reached the Pacific dur-

ing return voyages from the Americas (see, for example, Ioannides et al. [151], on new human

genetic studies, as discussed below). It is most likely that the species chosen for a return voyage

would be those whose edible parts would travel well or that could be transported easily as pot-

ted plants. An additional property of all these species is that they can be propagated vegeta-

tively, in accordance with the cultural practices of tropical Pacific agriculture. These plants

were seen and described by the Spanish who visited Easter Island in 1770. In his logbook, Juan

Hervé, commander of the San Lorenzo ship, refers to sweet potatoes, sugar cane, and bananas,

but also to yuca, ñame, and red and white gourds [74]. The term ñame refers to yams (Dios-
corea sp.), while yuca is the common indigenous name for manioc in the Andean region. This

log is the earliest mention of manioc on the island [125].

Our general results strengthen the evidence of contacts between Pacific Island peoples and

South American populations. The proof of when this process took place and the number and

intensity of these contact events have been discussed repeatedly in the literature since at least

the 1920s [e.g., 152–155]. More recently, this topic has resurfaced with new studies [e.g. 87,

151, 156–166] however, there is still little evidence of the nature and intensity of the interaction

between Polynesians and American populations. By including a set of South American tuber

plants in our comparative collection, we provide the first empirical evidence that I. batatas was

not the only food transported from the Americas into the Pacific. The presence of Canna sp.

and possibly manioc starch grains, offers the first evidence that these species were introduced

to the Pacific islands in prehistoric times. Whether their introduction was directly to Rapa Nui

or via other islands can only be addressed through further studies that actively search for these

plant remains in the wider Pacific. Recently, evidence from human genetic studies has been

accumulating for a sustained interaction between Pacific and American populations. One of

the scenarios posed by Ioannides et al. [151] is that groups of Polynesian people voyaged back

from specific localities in northern South America, with or without American people on

board, suggesting interactions on the American continent. Likely landing points for return

voyages from the Americas may initially have been Fatu Hiva, as suggested by these authors,

and from there to some other islands, including Rapa Nui. For return voyages, boats needed to

be stocked with sufficient food for several weeks. These crops may also have been transported

as live plants, in accordance with the Polynesian voyaging tradition. The finding of starch

grains on Rapa Nui of these species implies the translocation of surplus living specimens or

organs for planting on arrival. Most of these species reproduce vegetatively through their edi-

ble underground tubers, corms, and/or rhizomes. In our opinion, a fleeting or single encoun-

ter seems highly improbable or unlikely for the prehistoric introduction of a suit of edible

crops from the American coast to the Pacific islands, because the sharing of knowledge and

resources requires some sustained interaction. Our results contribute independent evidence to

this likely scenario. The use of common words in South American and Polynesian languages,

like “kumara” for sweet potato and others not related to plants [167], suggests sustained (and
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at least partly peaceful) interactions. Our results show that the menu of the first voyagers and

colonizers living at the Anakena site was much more varied than previously assumed. Their

menu of staples included not only the traditional Polynesian canoe plants, but also several

tuberous crops native to South America. This study also provides independent support for the

general conclusions reached by recent human genetic studies [151], which indicate direct con-

tact between Pacific populations and individuals from northern South America.

Finally, we would like to stress that it is important that future studies in this field contem-

plate including a large range and variety of starchy species from both Pacific and South Ameri-

can origins, such as the ones sampled here. A robust and varied reference collection is

instrumental in discovering staples that otherwise would go unnoticed. Our findings do not

preclude the transport of additional plant species that remain invisible in current reference

collections.
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