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Abstract

Recent research involving starch grains recovered from archaeological contexts has highlighted the need for a review of the

mechanisms and consequences of starch degradation specifically relevant to archaeology. This paper presents a review of the plant
physiological and soil biochemical literature pertinent to the archaeological investigation of starch grains found as residues on
artefacts and in archaeological sediments. Preservative and destructive factors affecting starch survival, including enzymes, clays,

metals and soil properties, as well as differential degradation of starches of varying sizes and amylose content, were considered. The
synthesis and character of chloroplast-formed ‘transitory’ starch grains, and the differentiation of these from ‘storage’ starches
formed in tubers and seeds were also addressed. Findings of the review include the higher susceptibility of small starch grains to

biotic degradation, and that protective mechanisms are provided to starch by both soil aggregates and artefact surfaces. These
findings suggest that current reasoning which equates higher numbers of starch grains on an artefact than in associated sediments
with the use of the artefact for processing starchy plants needs to be reconsidered. It is argued that an increased understanding of
starch decomposition processes is necessary to accurately reconstruct both archaeological activities involving starchy plants and

environmental change investigated through starch analysis.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Analysis of biologically derived microscopic archae-
ological residues is a rapidly growing field, concerning
itself with both the analysis of artefact residues (on stone
and ceramics, and to a lesser extent bone and wood) and
the recovery of residues from archaeological soils.
Increasingly, much of this research has involved the
identification and interpretation of microscopic compo-
nents of plants (e.g. starch grains, cellulose, lignin,
phytoliths, pollen, and lipids), particularly in the
assessment of artefact use and environmental recon-
struction (e.g. [10,43,54,91,138,144,176,183,220]). This
research has paralleled the investigation of microscopic
faunal and macrobotanical materials, and ongoing
studies of soil chemistry at archaeological sites (e.g.
[58,143,169,175,226,238]). There has been little discus-
sion in the archaeological literature, however, of the
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mechanisms and consequences of plant component
breakdown relating specifically to residue analysis, to
match that concerning the preservation of bone or
carbonised plant macroremains (e.g. [98,99,100,146]).

Barton et al. [15], drawing on concerns as to the
validity of archaeological residue analyses expressed by
Grace [83], noted two issues to be addressed, one of
possible contamination of artefacts by non-use-related
residues, the other a ‘failure of researchers to describe
the mechanisms by which residues had been preserved’
[15:1231]. Both these concerns are the subject of this
paper, through the integration of residue results from
a variety of archaeological studies on artefacts and in
soils with experimental results from the plant physio-
logical and soil biochemical literature. This synthesis is
presented with the needs and interests of both the
archaeological residue analyst and the wider archaeo-
logical community in mind. In particular, owing mainly
to the specific interests of the author, the literature
relevant to archaeological starches is addressed. Where
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discussions of other archaeologically important plant
constituents exist, the reader is directed to these (e.g.
[16,17,22,23,37,56,61,92,119,175,191]).

As regards starch decomposition, three main prob-
lems emerge from current studies: (1) the archaeological
literature does not adequately consider the mechanisms
and consequences of the breakdown of starch grains; (2)
the relationship between starches on artefacts and in
associated soils has not been adequately explored; and
(3) there has been insufficient discussion in the archae-
ological literature of the differences in the synthesis,
character and degradation of ‘transitory’ starch (other-
wise known as ‘transient’ or ‘leaf’ starch) compared to
‘storage’ starch grains. This paper aims to provide
a framework within which each of these issues can be
discussed, with a view to encouraging further discussion.
In order to keep the review focused, methods for
extraction and separation of plant residues from
artefacts and soils, and the variety of approaches to
artefact use-wear (e.g. [14,38,73,97,118,127,137,139,170,
172,201,205]) will not be examined here. Additionally,
this paper concentrates on aspects of microscopic rather
than chemical compositional residue analyses (e.g.
[7,104,109,149]), as historically microscopy has been
the more commonly employed tool in starch residue
studies.

2. Starch

Starch is the major food reserve of higher plants,
although it is also found in fungi, algae and other
organisms. Detailed descriptions of the composition,
appearance and genetics of starches have been provided
elsewhere [8,12,71,72,203] and the following summary is
drawn from these studies. Two main forms of starch are
important for archaeological analyses, classified by their
function and location within the plant: transitory starch,
which is found chiefly in leaves and acts as an ongoing
plant energy source, and storage starch. Storage starch is
formed in granules within specialised plastids known as
amyloplasts, which are found in seeds, roots, tubers,
corms, fruits and rhizomes [156]. In these parts of the
plant starch acts as a long-term energy storage device,
a source of nutrients that allows a plant to survive during
unfavourable conditions and a carbon source during such
processes as germination. Transitory starch is discussed in
greater detail in a later section of this review.

Apart from minor non-carbohydrate components, all
starch is composed of glucose molecules (as is cellulose,
the structural component of wood) and intact granules
are insoluble in cold water. The glucose molecules are
formed into two different chains within starch, a linear
chain (amylose) and a highly branched chain (amylo-
pectin), with amylopectin typically forming 70e80% of
storage starch. Each granule is laid down in concentric
layers around a central growth point or hilum, which
may or may not be in the physical centre of the grain, in
a fairly densely packed (1.4e1.5 g/ml) arrangement
[12,43,165]. The layers alternate between semi-crystal-
line and amorphous composition, with each layer a few
hundred nanometres thick [243]. In turn, each of the
semi-crystalline layers is composed of stacks of alter-
nating crystalline and amorphous lamellae, with a repeat
distance in all starches (storage and transitory) of nine
nanometres [111]. These factors, all of which are
influenced by the branched amylopectin, give starch
granules a quasi-crystalline structure, and birefringence
with a characteristic extinction cross under cross-
polarised light. The sizes of storage starches range from
1 to more than 100 mm, with shapes typically spherical
to ellipsoidal.

Besides the appearance of granules of various species,
which has been discussed by others (e.g. [105,162,182,
186]), the characteristics of starch of most interest to
archaeologists are its behaviour under various condi-
tions of moisture and heat and its ability to be chem-
ically stained. Starch will swell in water, but return to its
original shape upon drying provided the swelling is not
too severe and the temperature remains below a certain
level [112]. Once a specific temperature is reached in the
presence of water, individual starch grains will undergo
irreversible, pronounced swelling, lose their extinction
cross and ultimately their granular features, beyond
which point they are not easily identifiable by light
microscopy without chemical treatment. This process is
known as gelatinisation, and occurs at different temper-
atures for different species, although 60 (C is common
for many plants. In the absence of water, starch is
destroyed by heat, and does not survive intact processes
such as seed charring [101].

Many have noted that Congo Red stain will turn
damaged or gelatinised starch grains a red-pink colour
[8:86; 43:178; 91:146; 150:147; 164:8; 223], which may
aid in identification once gelatinisation has occurred.
The most widely used stain for undamaged starches,
however, is iodine [222]. Iodine typically stains starch
grains a deep blue colour, although it is in fact amylose
which is stained blue, while amylopectin stains a red/
brown/purple colour [151,245]. The overall blue appear-
ance is due to the much greater affinity amylose has for
iodine (due to the low frequency of branching in
amylose), binding on average 20% of amylose weight
at 20 (C, whereas amylopectin binds only 0.2% (w/w)
[236]. Iodine staining can be misleading if the starch
involved has a proportion of amylopectin chains with
less branching than usual, but high-amylopectin starches
(such as some waxy maize varieties) will stain red/brown
rather than blue. This important distinction is consid-
ered further in the discussion on transitory starch, as
a possible means of differentiating transitory from
storage starch grains.
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3. Archaeological starch residue analysis

Microscopic plant residues have been detected on
Acheulian artefacts dating back to the early Pleistocene
[54], and through the Palaeolithic [3,94] up to modern
times [230]. There can be no doubt therefore that such
residues can survive for considerable periods of time.
That they survive on artefacts recovered from a range of
environmental contexts (from dry rockshelters to the
humid tropics) has also been demonstrated. This
ubiquity of plant residues on artefacts in part reflects
the importance of starchy plants in the human diet
throughout human history [12,64,98,236,240]. The
obvious nutritional value of the sugars in starch, along
with the presence of large quantities of starch in the
seeds, roots, corms, rhizomes and tubers of plants such
as potatoes, maize, rice, and yams has contributed to
the dominance of starches in many past and present
diets.

Because of their importance, starchy plants have
received a high degree of attention from archaeological
residue analysts. Likewise, the geographical concentra-
tion of archaeological starch researchers in Australia
and the Americas (although see [114,194,195]) has
resulted in an increased understanding of starchy plants
from these regions. On artefacts, Piperno, Pearsall,
Perry and others in the New World have found starches
from plants including maize, potatoes and manioc
[7,97,176,177,178,181,182,183], while in the Pacific
Fullagar, Loy, Torrence, Barton and others have con-
centrated on the tuberous starchy plants prevalent in
this region [15,74,75,142].

Currently, the most widespread and accessible of the
various techniques available for starch residue identifi-
cation is light microscopy. Microscopy can in some
cases provide identifications not attainable by, for
example, chemical analysis (although the reverse is also
true). Hillman et al. [104] argue that chemical studies are
advantageous to morphological microscopic research,
even though in some cases the best result that can be
obtained chemically is a description such as ‘cellulosics’,
which applies to both cellulose and starch [103:227] (cf.
[18:114]). If intact, these two residues would be difficult
to confuse using visible morphological characteristics.
Doubts have also been expressed over the use of
crossover immunoelectrophoresis (CIEP) to identify
plant residues [136]. Even scanning electron microscopy
(SEM) can in some cases be less useful than light
microscopy in correctly identifying starch grains, as
characteristic extinction crosses cannot be observed [21].
Visual identification emphasises criteria such as starch
granule size, shape and extinction properties, either in
situ on the artefact surface or following removal to
a microscope slide. The growing literature suggests that
these morphological criteria are in fact sufficient for
distinguishing starch assemblages of various botanical
origins, provided reference collections of economically
important species are comprehensive [4].

The role of non-use-related residues in muddying
interpretations of artefact use was highlighted by Briuer
[20], often cited as one of the more important pioneering
studies in the analysis of archaeological residues, and in
particular plant residues, on stone artefacts. This con-
cern with ‘contamination’ has extended from Briuer’s
[20:482] examination of non-cultural rock surfaces to
include the sediment in which the artefacts are
discovered. It is now standard practice for artefact
residue studies to include a corresponding analysis of
a portion of the sediment from the site, as a means of
controlling for any possible transfer of residues from the
soil to an artefact (e.g. [15,93,118,144,183,231]). The
rationale behind the sampling of control soil samples is
most simply expressed as an argument that if residues
found on artefacts are not present in the soil, then the
residue most probably results from use of the artefact. A
variation on this notion was employed by Atchison and
Fullagar [5], who used differences in the appearance of
starches recovered from artefacts and associated sedi-
ments to rule out contamination. Criticism of the
reasoning behind these approaches has begun to grow,
however, and centres largely on the unknown factors
involved in post-deposition decomposition of organic
residues. Perry [177:184e186] has presented a cogent
case for not relying on such indicators of possible
contamination, as differences in decomposition factors
and rates between artefact surfaces and in sediments
have not been investigated.

To date, very few experimental analyses involving
starch residues on artefacts have been published. Lu
[145] is an exception, using microscopy to calculate the
percentage of portions of stone artefacts covered by
starch before and after exposure to a variety of soil and
environmental conditions. Three main contexts (buried,
surface and sheltered surface) and four types of starch
(taro, rice, yam and foxtail millet) were used in an effort
to discern differential preservation dependant on expo-
sure conditions and starch source. Starch survival varied
considerably both between artefacts and between
observation points on the one artefact, ranging from
1.6 to 98.6% (in open and sheltered contexts, re-
spectively). Average survival, in terms of percentage
covered by starch of a marked observation area on the
artefact, was found to be around 80% for sheltered
artefacts, 75% for buried artefacts, and 35% for
exposed surface artefacts. While the experiment only
ran for 71 days with 13 artefacts, and data on the
comparative starch content of associated soil samples
was not presented, this study represents a positive step
towards the larger taphonomic analyses necessary to
better understand starch survival. The percentage areas
retaining starch after 10 weeks are in fact much higher
than would be expected from experiments into starch
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degradation in soils as discussed below. An assessment
of the representativeness of these results awaits further
experimental testing.

The newest area for archaeological starch research
involves the analysis of sediments to reconstruct envi-
ronmental histories or human activity areas [10,106,108,
138,171,220]. While these studies may be conducted in
association with artefact residue analyses from the same
site, they are intended to act as stand-alone reconstruc-
tions, in much the same manner as has been employed in
pollen research [36,102,175]. The burden of providing
evidence for non-differential starch survival must be
even greater for these studies than for artefact residue
studies, which can rely on use-wear as a means of
residue verification (e.g. [11]). Differential preservation
through time of starch grains due to species or size-
specific variations in starch degradation, or intra-site
variations in soil properties, are issues that have not
been given necessary attention. A combination of
the two could result in biases in the recovered
starch assemblage for which no controls have been
established.

Only Therin et al. [220] (cf. [218]) have attempted to
measure starch change in archaeological soils through
time. Balme and Beck [10] recorded starch in the top
3 cm of sediment at the Petzkes Cave rockshelter site,
Lentfer et al. [138] collected modern samples from the
top 4 cm of sediment in a study from Papua New
Guinea (PNG), and Iriarte et al. [108] used the presence
of starch grains from sites in Uruguay to infer dietary
and horticulture practices. More recently, Parr and
Carter [171] recovered an extremely limited number of
grains from sites in the Torres Strait, and Horrocks et al.
[106] used starch to infer sweet potato cultivation using
stone mounds in New Zealand. While Balme and Beck
recorded variables including soil moisture, pH and
trampling, these data were not presented for the other
cited studies. It is becoming increasingly apparent that
without consideration of differential decomposition
biases, the only reliable statements to be made with
regard to soil starch analyses are those identifying the
presence of a particular species in a particular sample.
Quantitative analyses, and those drawing conclusions
from the absence in soils of starch grains of certain sizes,
shapes or species, have not at this stage given sufficient
attention to possible influences of soil properties and
constituents on decomposition to produce defensible
reconstructions of the archaeological past.

4. Decomposition of starch

The first of the three key issues outlined in the
introduction concerns the mechanisms of starch break-
down in archaeological contexts. For all archaeological
residue analyses, these contexts involve two specific
environmentsdartefact surfaces and the general soil
environment. Although some advances in understanding
have been made regarding the survival of animal-derived
blood, protein and bone components [34,40,44,62,
110,226], the corresponding archaeological plant residue
literature reveals a lack of investigation (although see
[56]), leading in some cases to confusion and mis-
information. In particular, it is necessary to address
views such as those expressed by Therin et al. [220:447],
that ‘in plants and animals starch is broken down
through the use of specific enzymes which are not
normally present in soils’. This statement runs contrary
to the current state of knowledge regarding soil enzymes
(see for example papers in Burns [25]), and taking it at
face value could lead to inaccurate interpretation of
archaeological data. Organic decay is one of the most
important processes affecting the composition of the
archaeological record, and an appreciation of the variety
of mechanisms by which such decay occurs is crucial to
the production of informed re-creations of the archae-
ological past.

The factors influencing the degradation of plant
components in soils can be divided into two broad
categories: soil properties such as pH, temperature,
texture and moisture content, and soil constituents in-
cluding enzymes, bacteria, fungi and earthworms [87].
Unfortunately, it is not usually feasible for archaeolo-
gists to quantitatively measure most of these factors,
beyond simple pH testing and the recording of soil
appearance and macroscopically visible faunal activity.
Even where long-term experimental projects to measure
biological decomposition have been developed with
archaeological needs in mind, it has not always been
possible to include microbial measurements in the tests
conducted (e.g. [133:284]). This is less a reflection on
archaeological practice as it is a reality of the time,
expense and expertise required to perform such
tests. Nevertheless, if residue analysts wish to make in-
formed decisions when interpreting their data, some
consideration of the burial environment must be
included.

4.1. Enzymes

Both bacterial and fungal decomposition of plant
components is achieved through the action of enzymes.
Enzymes are biological catalysts, proteins capable of
lowering the activation energy required for certain
chemical reactions [85,185:896]. Performing this function
does not alter an enzyme, which is therefore able to
catalyse over and over again, making them effective even
at low concentrations. Enzymes are designated by the
suffix -ase (from the Greek diastasis, separation) added
to a prefix derived from the substrate, the material
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catalysed by the particular enzyme. The enzymes related
specifically to the breakdown of starches are therefore
known as amylases, from the prefix amylo- (starch; tech-
nically, this renders the study of ancient starch palae-
oamylology, or more succinctly palaeoamylogy). The
amylases form a component of the broader category of
polysaccharidases, which includes other enzymes such as
cellulase (which breaks down cellulose). Polysacchari-
dases are found in every type of organism including
plants, mammals, algae, bacteria, and moulds [192].

In soils, enzymes are derived from a number of
different sources, including active plant, animal or micro-
bial cells, fungal spores, bacteria, enzymes enclosed
within dead cells or cell debris, or as extracellular pro-
teins in the soil solution or bound to organic and
inorganic soil particles [26,130,173:65;216]. Effectively,
these can be distinguished into intracellular enzymes
which reflect ongoing microbial activity, and extracellu-
lar enzymes, which form the greater part of soil enzymes
and reflect previous organismal activity [39:45;189]. Kiss
et al. [123:118] note: ‘Under natural soil conditions the
polysaccharidases, like other enzymes, are continuously
being synthesised and accumulated, inactivated and
decomposed’. Most soils therefore contain a ‘back-
ground’ level of accumulated enzymes, the exact com-
position of which will depend on both the history and
current condition of the soil.

Apart from the ubiquity of enzymes in soil capable of
degrading starch, cellulose, lignin and other plant
components, the key attribute of interest to archaeolo-
gists is the ability of enzyme-producers to remain in an
inactive state, awaiting reactivation by the appropriate
substrate. Most of the microbial soil community is
dormant owing to limited mobility or restricted access to
food [87:C109]. Soil microorganisms depend on water
for survival and mobility, although bacteria and fungi
exploit this differently in their modes of growth. Bacteria
live on surfaces, exist in clustered colonies occupying
only a few cubic millimetres of soil, and are dependent
largely on episodic events such as rainfall, root growth,
tillage or faunal ingestion for movement. Fungi, on the
other hand, are able to grow hyphae to extend into
microhabitats where they secrete enzymes to decompose
organic matter, translocating nutrients back through the
hyphal network [39:35;87]. Soil microbiologists have
classified bacteria into two classes based on their
response to soil substrates: autochthonous organisms
grow slowly and predominate when there is little
oxidisable substrate; zymogenous organisms respond to
substrate addition by rapidly increasing in numbers and
activity, with the majority then dying out following
substrate exhaustion [33,87]. Even if little evidence in the
form of vegetation or obvious fungal/microbial activity
is present, therefore, there may still be inactive enzymes
and enzyme-producers awaiting re-activation by the
appropriate substrate.
4.2. Enzymatic degradation of starch

Starch grains are typically degraded in a multi-stage
process, involving first the disruption of the grain
through gelatinisation or hydrolysis, followed by enzy-
matic conversion of starch polysaccharides into compo-
nent sugars (see Warren [237] for a comprehensive
review). Other stages or catalysts may be involved, for
example the presence of salts may allow for gelatinisa-
tion at a much lower temperature than normal
[12:264e267;187], and both mechanical and oxidative
damage make granules more susceptible to enzymatic
attack [71,239:223]. The initial stage of enzyme action is
formation of an enzymeesubstrate complex, after which
the addition of water elements to the D-glucosidic bonds
enables hydrolysis [126,174]. Eventually, the breakdown
products of starch may be further decomposed into
carbon dioxide and water. Of the many enzymes which
are necessary for the complete degradation of starches,
it is currently thought that only two, endoamylase (a-
amylase) and a-glucosidase, are capable of direct attack
on native starch granules, acting either singly or in
synergy [79:575;211,212]. Other enzymes are then able to
begin catalysis, for example phosphorylases utilise the
resultant glucans as a substrate [210], and b-amylase
reduces amylose to maltose [173:133]. In many cases,
a suite of enzymes may be responsible for this secondary
process of degradation, in part because starch granules
are not only composed of amylopectin and amylose, but
also contain small amounts of proteins, lipids and non-
starch polysaccharides [42,72,84,213:24e26]. Different
enzymes (for example endo- and exo-polysaccharidases)
possess varied mechanisms by which to catalyse their
preferred substrate [59,60,173:64;192:143], and the
physical structure of the starch granule (for example
the presence or absence of ‘surface pores’) may also
contribute to differential degradation [63].

On current evidence, transitory starch grains present
in leaf chloroplasts are much more readily hydrolysed
than those from storage organs ([9]; see also discussion
below), however, both processes are extremely rapid on
an archaeological time-scale. In vitro experiments
exposing starch granules directly to a variety of starch-
degrading enzymes demonstrate this rapidity. When
storage starch from major food plants was exposed to
bacterial a-amylase, between 18% (potato) and 55%
(tapioca) of the starch was decomposed within 24 h
[135]. Even faster degradation has been recorded: 5% of
potato starch and approximately 52% of maize and rice
starch was digested by bacterial a-amylase within 2 h of
enzyme addition [76]. After 24 h exposure to glucoa-
mylase, potato starch was degraded 14%, and maize and
rice starch grains 94 and 97%, respectively [76]. In other
words, almost all the maize and rice starch granules were
catalysed to form simple sugars (a state unrecognisable
via microscopy) within one day of exposure. Similar
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results have been observed in many other studies (e.g.
[148,157,210,212,242], with the initially quick degrada-
tion rate in almost every case following an asymptotic
curve approaching 100% decomposition [135:38;179].
As enzyme activity is stimulated by the presence of
suitable substrate, then the rates displayed in these
experiments could well be approached in specific local-
ities within soils. The implications of these results for
residue analyses of artefacts and soils is that without
a mechanism of protection from enzymatic attack, it is
difficult to see how any starch could survive the long
periods of burial experienced in archaeological contexts.

In addition to studies which evince rapid degradation
of starches derived from both chloroplasts and amylo-
plasts, research into the effects of amylases on storage
starch has revealed species-specific differences in enzyme
attack patterns and rates. In part, these are caused by
changes in enzymatic susceptibility due to differing
granule structure and sizes, amylopectin/amylose ratios,
and crystal types [126,148]. Several researchers have
used these differences to create ordered lists, which show
the susceptibility of storage starches from various plants
to bacterial a-amylase [42,76,77,135]. These lists have
been collated in Table 1, along with data on granule size,
amylose content, and gelatinisation temperature of the
starches involved. The plants are ordered from the most
to the least susceptible to starch hydrolysis, and the
results show a general trend towards a greater degree of
degradation as both amylose content and starch granule
diameter decrease. Similarly Franco et al. [69] (see also
[70]) analysed cassava and maize starch grains of various
size fractions, and concluded that enzymatic suscepti-
bility increased with both decreased granule size (and
therefore increased relative surface area) and decreased
amylose content. That granule size and amylose content
both within and between species may in fact be linked is
suggested by data in Franco et al. [69:424] and Shannon
and Garwood [203:34] (cf. [125]). This is also a factor in
the development of transitory starches, as discussed later
in this review. Gelatinisation temperature does not
appear to display any clear correlation with degrad-
ability, however Tester and Sommerville [217] have
shown that water content can play an important role
in degradation, through regulation of swelling and
gelatinisation. Once gelatinisation begins, increased
enzyme access to the easily degradable amorphous
regions of the granule leads to an increased rate of
starch decomposition, although the presence of a high
level of branched amylopectin may restrict swelling and
therefore hydrolysis.

4.3. Decomposition of starch in soils

Cases of exceptional preservation of archaeological
starch grains have been recorded. The stomach contents
of Iron Age bog bodies found at Tollund and Graubelle
yielded starch ‘which has kept its specific agglomerate
structure and ability to stain with iodine’ [101:208]. Loy
et al. [144] reported starch on artefacts from a cave site
in the Solomon Islands dating back 28,000 years.
Numerous other studies have recovered starch grains
from artefacts several thousand years old (e.g. [7,65,
97,183]). Survival of starch on artefacts therefore
appears to be a justifiably accepted occurrence. The
recovery of starch grains from archaeological sediments
has not proved as successful, however, and several
researchers have questioned the ability of starches to
survive for any length of time as discrete entities in soils
[5:121;177:185;183:896].

Within soils (as opposed to in vivo degradation of
starch), carbohydrates are utilised in two main ways; to
produce energy through oxidation to CO2, and as
a means of obtaining monosaccharides for further
polysaccharide synthesis [33:128]. The cycling of soil
organic matter is one of the more crucial components of
the biogeochemical cycles, returning carbon fixed by
photosynthesis back into the atmosphere [87:C107]. As
plant residues contribute the largest fraction of organic
carbon entering the soil [173], this turnover is essential
for continuation of the carbon cycle. Unfortunately for
archaeological residue analyses, once a component such
as starch has entered the soil and begun to be broken
down, it is rarely possible to determine just how much
was originally present, owing to biochemical similarities
in the make-up of all living things [31]. Compounding
this problem is the fact that the ready availability of
Table 1

Susceptibility of storage starches to enzymatic degradation, ordered from most to least susceptible
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Rice 3e8; 5 17e22.7 68e78 [42,213,214]

Tapioca 3e28; 14 17e20 59e69 [42,206,213]

Sorghum 3e26; 15 28 68.5e75 [134,213]

Wheat 2e35; 15 25e28 58e64 [42,77,213]

Maize 3e26; 15 24e29 62e72 [42,77,213]

Sago 5e65; 30 27 60e72 [135,213]

Arrowroot 5e70; 30 20e27 62e70 [135,162,213]

Potato 5e100; 33 21e31.9 58e68 [42,213]
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sugars in starch, along with the large quantities added to
soils as part of either leaf litter or from storage organs,
means that many bacteria and fungi have evolved to
produce the extracellular enzymes necessary for starch
degradation. As noted by Cheshire et al. [32:495], ‘it is
clear . that polysaccharide-decomposing bacteria are
present at all times in soils and, as in the current experi-
ment, may account for 20 to 30 percent of the bacterial
population’.

Starch-hydrolysing enzymes have been found in
practically every soil type studied, from forested areas
to open grasslands, agricultural areas, river sediments,
subantarctic semi-frozen soils and peat bogs [128,131,
188,189,193,235]. Viable cell-bound and extra-cellular
amylases are even produced by alkaliphilic bacteria in
soils from Ethiopian soda lakes in the Rift Valley area,
where the ambient alkalinity is over pH 10 [154].
Enzyme activity tends to be higher closer to the soil
surface, concentrated especially in the rhizosphere (the
area immediately surrounding plant roots), but also
surrounding earthworm burrows and other areas where
organic materials are readily available [39]. Salam et al.
[193] found that enzyme activity was greater at 0e20 cm
depth than 20e40 cm in soils from several different land-
use systems, correlated with soil nitrogen content.
Similarly, a study of agricultural soils down to 3 m (in
sand) and 4.2 m (in clay) revealed microbial, fungal and
enzymatic activity was much higher near the surface
than at mid-points and the base of the examined soil
columns [216]. Fungal activity was absent from the
deepest measured soils, however both microbial and
enzyme activity (including that of starch-hydrolysing
enzymes) was present throughout the soil profiles, with
a strong positive correlation between microbes and
enzymes, and between enzymes and soil organic matter.
Taylor et al. [216:399] concluded that even at depth the
two soils, ‘with sharply contrasting physical and
chemical composition and properties, are metabolically
active and contain substantial numbers of microorgan-
isms’. There is no reason, therefore, to expect archae-
ological sites within this depth range, and even deeper,
to be free of starch-degrading agents. Furthermore,
microbial decomposition can be expected to continue at
most depths until all available substrate is consumed.

Several case studies have shown rapid degradation of
starch in soils to be a normal process [67]. Martin
[153:34], for example, notes ‘individual polysaccharides
such as starch . may be almost entirely decomposed in
a few weeks’. Lahdesmaki and Piispanen [131] examined
the concentration of several plant components, in-
cluding starch, in fresh, recently fallen, and humus layer
needles and leaves from spruce (Picea abies) and aspen
(Populus tremula). They found that starch originally
constituted some 1.5e4% of the plant dry weight, but
that this fraction entirely degraded within a period of
a few months to two years. Similar results were recorded
by Fioretto et al. [66]. An in vitro experiment using
fallow loam soil with an added wheat starch substrate
showed that carbohydrate content of the soil returned to
the level observed prior to starch addition after only 28
days [33], indicating complete degradation of the starch
by this time. The same study noted a very rapid initial
development ofmicrobial activity upon addition of starch
to the soil, with both fungal and bacterial elements acting
to decompose the starches to their component sugars.
Adu and Oades [2] found that more than half the carbon
in starch in both sandy loam and clay soils was converted
to carbon dioxide within 24 days of starch addition, with
over 20% converted in the first 3 days. An asymptotic
decay rate is typical for starch decomposition in soils, as
for in vitro studies, with growing evidence suggesting
that a large proportion of starch substrate may be lost in
the first three days following incorporation into a soil
[2,35,89]. Although the exact rate does vary (for example,
Cheshire et al. [32] found 10% of wheat starch added to
soil remained after 8 weeks), again the implications for
residue analyses are that unprotected survival of starch
grains in soils should be rare over archaeological time
scales.

Apart from biotic attack by enzyme-producing fungi
and bacteria, other factors can influence starch degra-
dation in soils, although usually to a lesser degree.
Variations in soil pH, temperature and moisture are the
most important, both for their direct effect on starches
and for their influence on soil flora and fauna. In most
cases, however, it is the interplay between soil conditions
and local enzyme-producing species which most dra-
matically alter starch preservation, through greater
accessibility provided to soil microorganisms by the
weakening or damage of starch granules. For example,
a decrease in soil moisture could cause drying of starch
grains, which substantially increases susceptibility to
amylase attack [135:43]. Starches (particularly the
amorphous component) are also vulnerable to hydroly-
sis in acidic or alkaline conditions, although this process
is much slower than enzymatic decomposition, and
slower again in granular rather than dispersed starch
[31,71:291]. Overall soil pH is not as important to
amylase activities as it is to other enzymes such as
invertase [189:353], and while microorganisms prefer
slightly acidic soils, the example of amylase-producing
bacteria from soda lakes over pH 10 shows the
adaptability of microbes to their environmental con-
ditions. Temperature is similarly less of a concern than
moisture levels, except where freezing soils physically
damage grains [6] or fermenting soils reach tempera-
tures close to the gelatinisation point. Many a-amylases
lose activity over 50 (C, but this is not universal and
deactivation may be moderated, for example, by the
presence of calcium ions in the soil [85]. The presence
of surface vegetation may play a small additional
roledroots from living plants have been shown to
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stimulate organic matter decomposition by inducing
higher microbial activity [30]; see also [130]. Soil
composition factors which may in fact help in starch
preservation are considered later in this paper.

5. Transitory starch

Archaeological references to starch rarely discuss the
important distinction between starch grains produced in
the amyloplasts of major storage organs, and those
produced in chloroplasts at the locations of photosyn-
thesis (leaves and green stems). Most archaeologists who
note the distinction do so in passing, and usually in the
context of dismissing the diagnostic potential of small
starch grains. For example, Loy [142:89] only mentions
‘transient’ starches as being one of the two main starch
types, while Therin, Torrence and others [15:1234;138:
695;220,221:451] interpret starch grains less than 5 mm
as typically indicating general vegetation rather than
plant foods. The size overlap between transitory and
small storage starch grains has led to a situation in
which starch grains less than 5 mm were not even
counted in one Papua New Guinean study [15], despite
the known presence in the area of food plants containing
storage starch grains typically less than this size
[13,74,75,144,209,241]. A greater understanding of
transitory starches would therefore both allow the
identification of ‘background’ starch levels and provide
increased recognition to the role played by plants with
small storage starch grains.

The mechanisms of production and destruction of
chloroplast-formed starch have not been addressed in
any detail in the archaeological literature. This situation
should not be surprising, as even the plant physiological
literature provides little information. One recent article
[28:294] notes:

Indeed, there is a relatively small literature on the
transitory starch of leaves in general. Benchmark
data for the rates and magnitude of reserve
accumulation in leaves, even in plants which are
primarily starch-accumulating species (SAS) are
sparse and where data are available, the range of
units in general usage makes comparisons between
studies difficult. Most reports of synthesis and
regulation have been restricted to the more
experimentally amenable sink systems for storage
of starch in seeds and tubers.

While the bias towards starches produced in storage
organs is understandable given the increased diagnostic
potential of larger grains, consideration of the nature of
smaller grains is important at this stage of archaeo-
logical starch research to allow for more concrete con-
clusions than those currently offered to be drawn.
5.1. Transitory starch synthesis and in vivo
degradation

Various names have been used in the plant physio-
logical literature to describe the small starch grains
formed in chloroplasts, including assimilation [158:4;
196:83], leaf [71:275;166,184,208], and transitory [8:70;
80,165,211,224,244], of which the latter currently has the
most common usage. Although ‘transient’ has also been
sporadically employed in both the archaeological and
physiological literature (e.g. [142:89;161:974;236:486]),
in order to maintain consistency, the term ‘transitory’
will be employed in this paper to describe starches
originating in chloroplasts. Chloroplasts are the sites of
photosynthesis in plants, and are so named for the green
chlorophyll pigments they contain, which act as light
energy receptors. As with all plastids, chloroplasts are
internally differentiated into a system of membranes (the
thylakoids) and a more or less homogenous matrix (the
stroma) [185:48]. Starch formation in these plastids is
via enzymes located in the stroma [8:71;234]. Chlor-
oplasts are typically ellipsoidal in shape, and individu-
ally measure between 3 and 10 mm in diameter [47:7;
88:11;129:1801;132:58]. The surface of a leaf may con-
tain some 500,000 chloroplasts per square millimetre
[185:49]. In higher plants, the ability to lay down tran-
sitory starch is manifested long before chloroplast
pigmentation [152:29], and in at least some species the
starch level exhibits seasonal variation [95,140,197].

Transitory starch grains are a temporary form of
carbohydrate storage produced only when a plant is
actively photosynthesising [185:49]. They are exhibited
by many higher plants, however, the proportion of
newly assimilated carbon allocated by different plants to
starch production varies considerably, and a number of
species do not accumulate starch in their chloroplasts at
all under normal growth conditions [225:206]. Although
the most common and commonly studied transitory
starches are present in leaves, they may also be present
in green stems and shoots [71:277]. The regulatory
mechanisms involved in transitory starch synthesis and
degradation within the chloroplast are currently in-
completely understood [80]; for a detailed discussion of
the enzymes and possible pathways involved, see
Trethewey and Smith [225] (cf. [79]). The following
summary represents the state of current understanding
of these processes.

The daylight hours during which starch is formed are
generally referred to as the photoperiod [165:20249;
244], with the synthesis of new starch granules in
chloroplasts beginning shortly after exposure to light
[28:297;200:1170]. It is likely that new starch grains
continue to be initiated throughout the photoperiod
[165]. Over the course of a single day, starch content in
the leaves of a plant may rise at a rate of up to 41 mg/h
per g of fresh plant weight (in Phaseolus vulgaris leaves;
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[204]), although the majority of reported rates are less
than 4 mg/h per g of fresh weight [28:301, Table 1]. As
an example, Bryophyllum calycinum leaves accumulated
approximately 20 mg/g fresh weight over the course of
a day, at a rate of 1e2 mg/h per g of fresh weight
[232:371]. Similarly, starch in the leaves of Arabidopsis
thaliana (mouse-ear or thale cress) accumulated from
almost zero to around 13 mg/g fresh weight over a 12 h
period [244:1704].

Other plants exhibit lower total transitory starch
levels and synthesis rates: Pisum sativum (pea) leaf starch
reached between 3.6 and 4.5 mg/g fresh plant weight
after an approximately 15 h photoperiod [224], starch in
leaves of Lolium temulentum (ryegrass) reached 7.5 mg/g
fresh weight at a rate of 0.6 mg/g per h [27:223;28:297],
andZea mays (maize) leaves accumulated starch at a rate
of 0.34 mg/g per h [29:143]. Comparable rates have been
observed in spinach, soybean and sugar beet leaves [29].
Accumulation of starch in ryegrass was noted despite the
limited capacity shown by fructan-accumulating grasses
to polymerise and mobilise transitory starches [27]. The
initial synthesis of starch is controlled in at least some
higher plants by the regulatory action of photosynthesis-
driven pH changes in the stroma [80,211:215], with an
initially slow rate of starch production until pH inhi-
bition of hydrolysing enzymes allows synthesis to exceed
degradation. It has been shown, however, that starch
degradation in the chloroplast is not a significant factor
over the course of the synthesising photoperiod [68:
676;243].

Following a return to darkness, transitory starch loss
from leaves is typically immediate and rapid as carbon
stores are mobilised [199], corresponding to a doubling
in the activity of the chloroplastic amylose enzyme [80]
and proceeding at an essentially linear rate [244]. In this
manner, transitory starch enables the leaves to continue
exporting sugars during the night period [165]. There
have been reported exceptions to the immediate loss of
starch, in which barley [82] and sugar beet [68] leaves
exhibited a lag in mobilisation upon commencement of
the dark period, owing to high sucrose levels in the
chloroplast. Similarly, recent studies show that Panax
quinquefolius (American ginseng) is unable to mobilise
its transitory starch reserves to anywhere near the same
extent as Panax ginseng (Korean ginseng), spinach or
pea leaves [161:975]. Instead, P. quinquefolius synthesises
transitory starch at a high rate early in leaf development
and maintains starch at a high level in both light and
dark conditions. These cases are not considered typical,
however [82:845].

5.2. Transitory starch appearance and structure

Attributes of transitory starches which may be of use
in the microscopic differentiation of archaeological
starch residues include grain size, appearance and struc-
ture. As for transitory starch synthesis, the appearance
and physicochemical composition of transitory starch
granules is an issue still under investigation [27:228;
224:32]. It is, however, generally agreed that, in keeping
with their transitory nature, the grains themselves are
smaller than those produced by most plants for long-
term starch storage (e.g. [71:275;184]). The few reports
detailing the microscopic appearance of these granules
show that they range in size from 0.2 to 7 mm, with the
largest range represented within the leaves of the
sunflower, Helianthus annuus [184]. Broken down into
size classes, the maximum diameter of 70e80% of
sunflower transitory starch is between 1.5 and 2.5 mm,
while 1e2% of grains fall between 4 and 5.5 mm. The
larger grains possess centric hila, while the smallest
grains (0.2e1.0 mm) did not exhibit any hila. These
findings are reported by Radwan and Stocking [184:682]
to be comparable with grains isolated from potato
leaves by Meyer and Heinrich [159].

The general shape of the sunflower starch grains is
discoid, although some tend towards a more spherical
appearance [184:682]. A similar flattened discoid shape,
with distinctly irregular margins, was noted for the
transitory leaf starch of L. temulentum, A. thaliana and
Ipomoea cordatotriloba (a wild relative of sweet potato).
In the former two species, L. temulentum possessed
grains averaging 1.7 mm in diameter (range 0.9e3.5 mm),
and A. thaliana grains 1e2 mm in diameter and 0.2e0.5
mm in thickness ([27,243,244]; see also [8:71]). The leaf
starch of I. cordatotriloba is somewhat larger at 3e7 mm
[124]. Despite the paucity of information available on
the subject, it is reasonable to suggest at this stage that
transitory starch grains should therefore generally be
discoid in shape, have irregular margins, and typically
be less than 4e5 mm in diameter, with some grains up to
7 mm.

In terms of internal structure, transitory starch grains
contain both branched and unbranched glucose poly-
mers which correspond to the amylopectin and amylose
fractions seen in storage starch [225:209]. Importantly,
several researchers have discovered that the ratio of
these two polymers appears to differ from that found in
the reserve organs, with lower percentages of amylose
found in transitory starch (e.g. [27:225;55:1767;155:253;
224:36]). The amylose percentages for various transitory
leaf starches and their corresponding storage starch
percentages in non-mutant plants are shown in Table 2.
Plants which have not had their transitory starch ana-
lysed for amylose content have been included to show
typical values for storage starch granules. A notable
exception to the general rule is the leaf starch of
I. cordatotriloba, which has an atypically high amylose
fraction, perhaps due to long-term starch storage in the
leaves, as has been observed in tobacco leaves [155].

Amylopectin dominance in transitory grains means
that they retain the semi-crystalline and birefringence
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Table 2

Amylose percentage in transitory and storage starches of selected plants

Species Common name Amylose % References

Transitory starch Storage starch

Solanum tuberosum Potato 9.8e14.1 21e31.9 [42,105,107,213]

Oryza sativa Rice 12.6 17e22.7 [196,213,214]

Ipomoea cordatotriloba Wild sweet potato relative 25.3 19.0 [124]

Pisum sativum Pea !5 30e43.5 [42,224]

Lolium temulentum Ryegrass 14 29 [27]

Arabidopsis thaliana Mouse-ear (or thale) cress 6 e [243]

Triticum aestivum Wheat e 25e28 [77,213]

Zea mays Maize e 24e29 [42,77,213]

Hordeum vulgare Barley e 26e29.2 [116,215]

Colocasia esculenta Taro e 14e21.4 [105,162]

Dioscorea esculenta Lesser yam e 14e30 [105,162]

Canna edulis Queensland arrowroot e 38 [207]
properties typical of larger storage grains, including the
9-nm thick lamellae seen in storage starch [165]. Use of
iodine staining to differentiate the amylose (blue stain)
and amylopectin (red to purple) fractions have shown
that in sunflower transitory starch, the amylose fraction
is concentrated more towards the centre of the grain
[184:682]. Along with a trend towards increasing per-
centages of amylopectin during the photoperiod, this
may suggest that it is amylopectin which is preferentially
synthesised and degraded as part of the diurnal cycle
[225]. In terms of archaeological investigation, staining
smaller grains with iodine and observation of colour
should help in the differentiation of starches derived
from transitory versus storage contexts. Much more
work needs to be done in this area, however, to test the
viability of this method and its applicability to
archaeological starches.

6. Discussion

6.1. Implications for soil residue studies

As the evidence reviewed so far suggests that starch
grains are rapidly decomposed inmost soils, how then can
the recovery of any grains from archaeological soils be
explained? There are a number of possible answers to this
question, each of which approaches the problem from
a different angle. First, starches may survive through
sheer weight of numbers. It has been estimated that
1 kg of corn starch comprises some 1,000,000,000,000
individual starch granules [213:22]. Similarly, the pres-
ence of half a million chloroplasts for every square
millimetre of a leaf can lead to the creation of an
enormous number of transitory starch grains every day.
Under the influence of the asymptotic decomposition rate
seen in most starch degradation experiments, through
pure chance at least a few grains might therefore survive
to be recovered archaeologically. In addition, the
simultaneous addition to soils of large numbers of grains
(from a decaying tuber or seed, for example) results in
starch clusters rather than individual separated granules.
In turn the decreased available surface area of clustered
granules, and the interaction of starch with other plant
components such as cellulose and lignin, can be expected
to result in much lower levels of initial degradation
[56,126]. Even within whole barley grains preserved by
extreme aridity in Egyptian Nubia, however, starch
components showed a significant decrease after 600 years
when analysed by pyrolysis-gas chromatography/mass
spectrometry [18]. Further observations of vegetable
decay processes in starch-bearing organs are necessary
to determine just how starch decomposition relates to
other tissues.

Survival of starch due to high numbers or clustering
is likely to be a species specific occurrence, given the
evidence for differential degradation by amylases
discussed above. In such cases, diachronic quantitative
studies of archaeological starch should include estimat-
ed quantities of starch produced by the plant or process
which is suggested as the cause of the residue. The
various sources of starch can then be ranked in terms of
both initial abundance of starch grains and predicted
survival rate based on grain characteristics (amylose
content, size, shape, etc.), and this ranking compared to
recovered starch quantities. Quantitative synchronic
starch patterning (e.g. [10]) should be less affected by
differential survival as all grains have been in the ground
for the same period of time, although any qualitative
study involving grain sizes or identification will be
affected. Obviously, starch recovery techniques will also
be a factor in any quantitative study.

The stability of the starch granular structure has been
cited by some archaeological researchers as contributing
to its longevity in soils (e.g. [220:447]). Cheshire et al.
[32:497] on the other hand suggest ‘that the stability of
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the polysaccharide in soil is caused by inaccessibility or
insolubility as a result of its relationship with other soil
components, and not by a biologically stable molecular
structure per se’. Dimbleby [51:1] noted that pollen
survival in land sites is only possible if some factor exists
which inhibits microbiological decay, and the same
reasoning applies to starch grains. In the soil protective
mechanisms do exist, for example, starches may be
protected from enzymatic attack by the presence of soil
aggregates, clays, or heavy metals.

The formation of soil aggregates and the effect of this
process on starch has been studied by Guggenberger
et al. [89]. They found that once starch was added to
a soil, stimulation of fungal hyphae growth in the areas
of highest substrate concentration led to the creation of
soil aggregates greater than 250 mm (macroaggregates)
from smaller soil particles, held together by fungal
exudates and hyphae. Starch that remained associated
with smaller microaggregates (!53 mm and 53e250 mm)
was then subjected to a slower decay rate and a shorter
overall period of attack than that incorporated into the
new macroaggregates, as both fungi and bacteria
retained access to the larger accumulations. Fungi (with
an average hyphal width of 2.3e2.4 mm) were unable to
access the starch in the smaller aggregates as readily.
While starch therefore triggers the formation of the
macroaggregates which permit continued and rapid
degradation, any starch which is incorporated into
a smaller soil structure has a better chance of stabilisa-
tion and survival. This physical protection of starch and
other organic material, either through aggregation or
small soil pore size, has been recorded by several authors
[2,81,86,115]. Starch may be released from aggregates
and become available for decomposition, however,
either by mechanical disruption (including archaeolog-
ical excavation) or repeated drying and wetting of the
soil [1,57]. Fungal activity is not the only factor in
aggregate formation, either, and the contribution of
other components of soil organic matter to aggregate
formation has also been noted [117,153].

Clay soils have been discussed in relation to the
preservation of animal-derived organic proteins (e.g.
[41,48,90,168]; see also [180]), and evidence suggests they
can play a role in the prevention of starch decomposi-
tion as well. Two processes working in conjunction have
been suggested as means of clay influence on organic
matter survival: (1) inactivation of enzymes by clays,
and (2) adsorption of the substrate by clay minerals and
subsequent protection from degradation [130,147]. Ross
[190] clearly demonstrates the marked effect of both
clays and clay fractions obtained from soils in reducing
the activity of a-amylase and b-amylase. In particular
montmorillonite and kaolinite clays almost totally
stopped amylase activity. The exact mechanism of the
adsorption of enzymes is a matter still under examina-
tion, but the existence of both external and internal
(owing to expanding clay lattices) adsorption surfaces
provides abundant area for entrapment [24]. The same
situation applies of course to organic substrates such as
starch. Lynch and Cotnoir [147] found that soluble
substrates showed little reduction in decomposition in
the presence of clays, but insoluble substrates were to
some degree protected, in particular by the expandable
montmorillonite. They postulated that a combination
of intermediate breakdown products being adsorbed
and therefore protected against enzyme activity, and
enzymatic inactivation were responsible for organic
survival.

The effect of heavy metals such as lead, copper,
aluminium, iron, and zinc on lowering rates of organic
decomposition has been established over the past 50 years
and more [19,52]. Studies involving amylase, cellulase
and invertase in particular have shown that the presence
of metals in soils inhibits enzyme activity by a combina-
tion of inhibiting enzyme synthesis by soil microorgan-
isms and disrupting the normal interaction of enzymes
with available substrate [49,53]. Inhibition of an enzyme
by metals results from the capacity of metals to form
stable complexes with proteins, affecting the enzyme’s
active sites [78]. Each of these factors slows down the
degradation of starch by reducing the level of contact
between enzymes and starch grains. A practical demon-
stration of the effect this can have on decomposition is
provided by Joshi et al. [113], who examined leaf litter
from alder and pine trees located next to a highway, and
compared degradation of cellulose, starch, and sucrose to
leaf litters from a forest away from any pollutants. They
discovered that microbial population numbers, and
therefore bacterial enzyme activity levels, were consis-
tently lower in the site next to the highway owing tometal
accumulation in the soil. Concentrations of lead, zinc and
copper were up to six times higher in the roadside soils
than the unpolluted soils.

Aluminium has been found to have a significant effect
in lowering decomposition rates of both cellulose and
non-cellulosic polysaccharide [160], because of the high
affinity of organic materials for aluminium hydroxide.
Once bound to the metal, substrate is unavailable for
interaction with enzymes, thus retarding decomposition.
In addition, copper artefacts have been shown to have
a preservative effect on nearby organic materials in-
cluding seeds, grass, wood, pollen, linen, flax and hemp
due to the biocidal effect of the cupric salts [122,133]. It
should be noted that unless metals are continually added
to a soil through dumping, pollution or metal artefact
decay, the inhibitory effect will slowly dissipate, however
this process may take several years.

A further possible explanation for starch survival is
that protection in archaeological contexts may in fact be
provided by artefacts, and starch grains recovered from
soils therefore represent ‘contamination’ of the sur-
rounding soil by starch dislodged from the shelter of an
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artefact [5]. This issue is discussed in further detail
below, although the survival of any starch grain once
separated from the protective environment could be
expected to be short. Any starch recovered from
sediments located near a starch-covered artefact should
only have been in that sediment for a period of not more
than a few years, provided none of the other protective
mechanisms mentioned have continued to shield the
grain following its dislodgement.

Finally, it is possible that starch grains are able to
move within the soil profile in greater numbers than
currently proposed. Grains from deep archaeological
sites therefore may not be contemporaneous with the
cultural layer in which they are found. That some starch
grains do move under the influence of groundwater has
been proven by results obtained in limited experimental
studies [75,219], but this movement has been suggested
to involve chiefly the smaller grains [219:70]. Compar-
isons with palynological studies, where calculated
downward percolation rates average around 1 cm per
4e30 years for a portion of the pollen record [51:59;
120,121], and phytolith movement research [96] also
lend weight to the supposition that at least some starch
will move in sediments. Research into this subject is
ongoing, however at this stage large scale movement of
starch grains through a natural soil appears unlikely.
Archaeological field estimates of soil porosity and
permeability (e.g. [167]; see [16] for other tests) would
aid in any starch movement calculations. As our
knowledge currently stands, degradation of starch
following initial introduction into the soil is expected
to play a much more important role in determining
starch content of any soil (recent or buried) than
percolation of grains through groundwater or soil
movement.

Even at this early stage in the investigation of
archaeological starch survival in soils, there is cause
for guarded optimism. Studies such as those of Therin
et al. [220], showing a clear decrease in numbers of
starch grains less than 5 mm in diameter from the
earliest to later levels of the FAO site in PNG,
interpreted as a vegetation change coincident with early
use of the site, are promising. Similarly encouraging are
the results obtained by Iriarte et al. [108], in demon-
strating the likely presence of maize and other cultivars
at various sites in Uruguay through starch analysis.
Caution is required, however, regarding reports dealing
specifically with starch in soils which do not include an
assessment of at least some of the variables affecting
starch survival. Insufficient attention has been given to
decompositional factors to assume that starch recovered
is necessarily reflective of starch deposited at a site over
a period of thousands of years. This is especially true
when absolute starch counts number only in the
hundreds (or less) per gram of sediment, as acknowl-
edged [220:457].
6.2. Implications for artefact residue studies

Starch residues appear to survive for long periods of
time provided they are in some manner sheltered or
occluded from the typical processes of natural de-
composition. The literature concerning starch residues
on artefacts shows that artefact surfaces constitute one
such protective mechanism. Increasingly, organic resi-
due studies have found that artefacts of different
materials create a ‘microenvironment’ which acts to
prevent decomposition through restricted access to the
residue. Researchers examining artefacts for general
plant remains [3:394;104:96], pollen [121], wood [93],
and starch [177,181,183], as well as blood, proteins and
DNA [202] have all credited a protective role played by
the artefact itself as a factor in the survival of residues.

Kelso et al. [121] provided one of the clearest
examples in their analysis of pollen from a seven-
teenth-century refuse pit in Virginia, USA. In this study,
pollen was found in two contexts: in the sediment filling
the pit, and immediately under artefacts (including floor
tiles, bricks and bottle glass) found in the pit. Pollen was
recovered from all samples taken under artefacts, while
the deepest pollen found in the pit sediments, represent-
ing a normal percolation profile undergoing decay, was
25 cm above the most shallow pollen associated with an
artefact. Kelso et al. [121:52] interpret this sterile 25 cm
gap as evidence that the artefact-associated pollen was
deposited contemporaneously with, and owed its pre-
servation to the shelter provided by, those artefacts.
There is no biochemical reason why a similar situation
should not be possible for starch, although the exact
preservative process is not yet understood. One cause
postulated by many researchers is that residues become
trapped in crevices and cracks in an artefact’s surface.
Although it is rarely explicitly discussed, this entrap-
ment may limit access to starch and other organic
remains by microorganisms and enzymes, as well as
protecting them to some extent from fluctuations in soil
moisture, temperature and pH.

Consistently across all studies, starch grain frequen-
cies in control sediments are significantly lower than
those on artefact surfaces. As Kelso et al. [121] have
shown that the concept of an artefact-based ‘microen-
vironment’ may be extended from residues on an
artefact’s surface to those in immediately neighbouring
soils, the absence of starch grains in sediments outside
the protective influence of starch-bearing artefacts, so
often taken as proof of residue authenticity, may
therefore just as likely represent the preferential decay
of unprotected starch in soil. In a study from Papua
New Guinea, Fullagar et al. [75] noted much higher
numbers of starch grains in soil actually adhering to
artefacts than in background sediment samples. This is
precisely what would be expected if such preferential
decay was occurring. Ongoing research at the Mayan
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site of Copán also supports this hypothesis. Obsidian
artefacts from a pit context at Copán analysed for use-
wear and residues contained large numbers of starch
grains in portions of the adhering sediment [97],
although associated soil samples were not available for
comparison at the time the study was undertaken.
Subsequently, soil samples have been analysed from the
pit, and preliminary results suggest that starch is present
in much lower numbers in the soil samples than was
observed in the attached soil. In this case, the high
starch levels in the sediment adhering to the artefacts are
taken to be a much truer reflection of starch levels in the
sediment at the time of pit in-fill than those seen in the
archaeological soil samples, owing to differential decay
in the two contexts.

Concerns over the contamination of artefacts by
starch residues unrelated to artefact use following depo-
sition should be eased by the findings of this review. Any
starch found on an artefact should represent either
authentic contact-residue (either from use or incidental
contact) or sediment transfer within the first months of
deposition. By incorporating use-wear into the analysis
of such artefacts, information can therefore be gleaned
about either the processing of starchy plants (if residues
are positively correlated with use-wear) or the environ-
ment at the time of deposition (if residues are not
associated with use-wear). The integration and discrim-
ination of transitory starch grains into artefact studies
will aid in distinguishing cultural and natural influences
on the starch assemblage at a site. In either case, the
negative connotations often associated with the term
‘contamination’ should be less of a concern, provided
the focus is instead on examining starch residues within
a framework of revealing the ‘life-history’ of the artefact
[198]. Out-of-hand dismissal of any artefact residue,
related or not to actual tool use, can only serve to limit
the environmental and depositional information
available.

6.3. Transitory starch

One focus of current research into archaeological
starch residues is on the identification of tuber and root
starches where other tuberous remains are poorly pre-
served (e.g. [14,45,144,177,178,220,227,228,229]). An
issue arising out of this investigation is the very small
size of the starch grains from some of these plants.
Potentially, this could lead to uncertainty or misidentifi-
cation of transitory grains as belonging to storage organs
(or vice versa). Both Colocasia esculenta (taro) and
Dioscorea esculenta (yam) have been included in Table 2
because of the small size of the starch grains located in
their underground storage organs. C. esculenta has
storage starch grains measuring 1e10 mm, with the
majority of grains !4 mm in diameter [105:254;141,
163,162:563]. Likewise, numerous studies have shown
D. esculenta to have storage grains measuring 1e5 mm
[105:254;162:563], with the typical granule shape for both
species being round/polygonal/oval. The overlap in size
with all transitory starch grains currently characterised is
clear, although granule shape and amylose fraction
(determined through iodine staining) may provide an
avenue for discrimination. Moorthy et al. [163] note that
of the 10 cultivars of taro they examined the largest
granules were found in the cultivar with the highest
amylose content, although this relationship was not
consistent for the remainder of the cultivars. Despite the
relatively low amylose content of C. esculenta and
D. esculenta when compared to other storage starches,
this content is still higher than that seen in all but one of
the transitory starches characterised to this point.

The small size of certain storage starches means that
once methods for differentiating between these and
transitory grains are developed, species such as
C. esculenta and D. esculenta can be re-incorporated
into studies where they might otherwise have been
overlooked. Blanket statements such as ‘previous work
has shown that grains below 5 mm are rarely diagnostic
to taxa and merely represent plant tissue’ [15:1234] can
then be refined, and specific differences examined. The
inclusion of comments such as the one quoted creates
further confusion when at least three of the five
references provided to support the statement [46,144,
164] in fact contradict it, as each of the three studies
provide evidence for storage starches below 5 mm in size
(in Hordeae sp.; C. esculenta and D. esculenta; and rice,
wheat and barley respectively). Additionally, identifica-
tion of taro starch via ‘size, shape, surface morphology,
clustering and co-occurrence of raphides’ on three
artefacts from Kuk Swamp, PNG, has recently been
announced by one of the authors of the Barton et al.
study [50:191]. Incorporation of techniques designed
specifically to target distinguishing characteristics of
transitory grains will lend added weight to any future
claims concerning residues of small storage starch.

6.4. Future directions

Several avenues must be pursued to gain a more
complete understanding of the relationship between
observed archaeological residues and the behavioural,
social and environmental contexts in which they were
produced. One of the key areas to be addressed concerns
the impact of human activity on starch preservation
[6,10,16]. Compaction of sediments in living areas,
agricultural activities including soil tillage, the impact
of fires and food processing techniques, and trash
disposal all have an effect on either soil properties or
soil microorganisms, and on residue survival. Preserva-
tion should therefore be greater in a compacted soil by
restricting biotic access to organic residues, while it
should be decreased in soils where aggregates are
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mechanically disturbed by agricultural curation. The
creation of a project dedicated to the observation of
starch survival under a variety of circumstances has
been considered (for example at the Ancient Starch
Research Group meeting in February 2000 in Sydney),
but as yet such projects are still under development.
Nonetheless, knowledge about archaeological starches is
increasing at an accelerating rate, and the efforts of
a comparatively small group of researchers over the past
20 years have already given us important insights into
ancient subsistence activities and the spread of agricul-
ture which cannot be attained through other techniques.
Continued recognition and investigation of the pro-
cesses affecting archaeological starch degradation will
provide us with even more confidence in the reconstruc-
tion and interpretation of ancient starch use.

7. Conclusion

Many of the issues currently confronting archaeolog-
ical starch residue analysts are not new. Sixty-five years
ago, Walter Von Stokar [233] commented on organic
residues found on artefacts throughout Europe. He
advocated control sampling of soils surrounding ceramic
pots being chemically tested for residues, and the
examination of artefacts with at least a magnifying glass
prior to cleaning. He also pointed out a crucial aspect of
any residue study: ‘Not until one began to study
systematically the decomposition phenomena of organic
fragments was a successful advance possible’ [233:83].
Despite significant technological advances made in the
intervening years, the practical bases for undertaking
residue analysis (examination of uncleaned artefacts,
control soil samples, and a thorough understanding of the
composition and decomposition of the residues analysed)
remain the same today as then. This review represents one
step towards the goal of comprehensive understanding of
archaeological starch, by incorporating biochemical,
physiological and archaeological literature, and by sug-
gesting further avenues of research.

The interaction between soil organic matter, soil
microorganisms and soil structure and properties is
extraordinarily complex. It is also the environment in
which archaeological materials spend the vast majority
of their existence, and it can be ignored only at the cost
of the faithfulness of archaeological reconstruction to
past reality. Concern over biases created by differential
decomposition is perhaps even more applicable to
microscopic plant components than macroscopic ele-
ments of the archaeological record, as the smallest
particles are interacting with bacteria, fungi and soil
changes which can destroy them entirely within a very
short period of time if they are not protected. As
numerous archaeological starch studies have shown,
however, protective mechanisms do exist, and residue
studies can continue to fill the important niche they
currently occupy provided those protective forces are
acknowledged and potential biases accounted for.
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