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Fossilized caryopses (or grains) of foxtail millet (Setaria italica) and broomcorn millet (Panicum miliaceum) are important ar-
chaeobotanical materials for the study of early human agricultural activities. The morphology and ultrastructural characteristics of
carbonized modern millets caryopses treated in a drying oven and burning in a field were investigated at different temperatures to
study how fossilized millets are formed. The caryopses shrank gradually at temperatures below 200°C, and starch granules in the
endosperm retained their crystalline structure. At 250°C the foxtail millet caryopses expanded, whereas the broomcorn millet
caryopses were greatly deformed. At this temperature, the structure of the starch granules of both millets became amorphous. At
300°C the caryopses partially turned to ash and became porous, and the ultrastructure of the starch granules was transformed into
alveolate cavities. Fossil caryopses from the prehistoric storage cellar at the Beiniu Site retained their crystalline structure and
were formed by the dehydrating effect of carbonization, indicating that water molecules were not involved in the starch crystalli-
zation. The results of a field burning experiment demonstrated that the ultrastructure of carbonized caryopses placed on the
ground under the fire was amorphous. The amorphous ultrastructure of the carbonized caryopses recovered from the archaeologi-
cal layers is consistent with the expected structure of caryopses that have been carbonized at 250°C. Therefore, we suggest that
the recovered caryopses were formed at about 250°C by baking rather than by burning in an open fire.
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Sampling and identifying plant remains from different cul-
tural layers are the initial steps in archaeobotanical studies
[1]. These steps are the basis for exploring agricultural ori-
gins and development [2], understanding the agricultural
activities of previous generations and their relationship with
botany, and reconstructing the paleoenvironment and eco-
nomic structure of early agriculture [3].

Generally speaking, plant remains can be classified into
two categories: plant megafossils (e.g. seeds, fruits and
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wood) and plant microfossils (e.g. pollen, phytoliths and
starch granules) [4]. Organic materials such as seeds and
fruits are liable to decompose and are not likely to be pre-
served in buried environments for lengthy periods. How-
ever, after being carbonized, they acquire a strong chemical
resistance to decomposition and can be preserved in cultural
layers without the influence of deposit conditions [5,6]. Al-
though there are multiple interpretations of the causes of the
formation of carbonized plant materials, it is generally ac-
knowledged that most are formed through fire by baking at
high temperatures [4], and some are formed by dehydration
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[7-9]. Currently, the lack of systematic studies on the
causes of formation, temperature ranges and other details of
the morphology and structural characteristics of plant mate-
rials during the carbonization process is a major obstacle for
further research on archaeotaphonomy, morphology and
ear- ly agricultural activities.

Foxtail millet (Setaria italica) and broomcorn millet
(Panicum miliaceum) were major crops in the early rain-fed
agricultural region of North China. They originated around
10000 a BP [10] and were widely and continuously culti-
vated during the Neolithic in North China, where they are
systematically preserved in different cultural layers, such as
the Peiligang, Cishan, Yangshao, Dawenkou, Longshan,
Majiayao and Qijia cultures [4,11]. The origin, pervasion
and prevalence of foxtail and broomcorn millet are of great
significance in the development of the culture and civiliza-
tion of East Asia.

With the widespread application of flotation in recent
archaeobotanical studies, many important achievements
have been made in the study of foxtail and broomcorn mil-
lets from archaeological sites [12—15]. Foxtail and broom-
corn millets can be identified directly and effectively by
morphology based on the external characteristics of modern
grains [16-18]. Some scholars distinguish foxtail millet
from broomcorn millet by analyzing the differing character-
istics of the lemma and the palea with scanning electron
microscopy (SEM) [19]. However, this method is always
hindered due to the deformation of seeds after carboniza-
tion, which usually causes the kernels to become frangible,
resulting in the loss of some important parts such as the
lemma, palea, endosperm and the scar. Other scholars be-
lieve that it is feasible to improve the accuracy of identifica-
tion by differentiating the internal structure of the seeds
[20-22]. A study of the phytolith from each part of modern
millet seeds provides a new approach to distinguish and
identify prehistoric seeds [10].

However, a lack of detailed work and reliable data on the
carbonization process and the formation conditions and
causes (carbonization through charring or dehydration) of
fossil millets affects further research on the morphological
identification of fossil seeds, the storage and burial of pre-
historic millet seeds, the fire activities of ancestral peoples
and carbon isotope tracing used in organic geochemistry. In
this paper, carbonization experiments on modern millets at
different temperatures were performed to determine what
changes to caryopsis morphology and ultrastructure oc-
curred during the carbonization process and to determine
the effects of different carbonization temperatures. The re-
sults were validated by field burning experiments. In addi-
tion, fossilized millet caryopses were compared with mod-
ern heated samples to determine their formation mechanism
and to provide basic evidence for future studies on early
agricultural activities and environmental effects.
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1 Sampling and methods

1.1 Sampling

Modern samples of foxtail and broomcorn millet were col-
lected from the Midwest Loess Plateau. Specifically, foxtail
millets were sampled from Yijun County, Yan’an, Shenmu
County of Shaanxi Province and Sunan County of Gansu
Province. Broomtail millets were sampled from Ganquan
County, Suide County of Shaanxi Province, Ejin Horo
Banner and Baotou of Inner Mongolia. Fossil millet sam-
ples were obtained from the Huiduipo Site, Manan Site,
Beiniu Site, Nansha Site and a prehistoric storage cellar in
the Beiniu Site in Guanzhong Basin. The modern foxtail
and broomcorn millets were air dried and divided into four
groups according to the sites from which they were col-
lected. Each group was randomly divided into 22 portions
each composed of five kernels. The length, width and
thickness of the caryopsis, and the length and width of the
embryo area were measured with microscope graticules, and
the average values were calculated.

1.2 Laboratory carbonization experiments

After measurement, 176 portions of the samples were placed
into finger-shaped bottles for carbonization. The millet ker-
nels were placed equidistantly on the wire frame of a drying
oven and heated to 50°C or 100°C for 3 h and to 200°C,
250°C, or 300°C for 0.5, 1, 2, 4 or 8 h to obtain kernels that
were carbonized under different charring temperatures.

1.3 Morphological characteristics of the manually
carbonized samples

After carbonization, all of the carbonized grains were ob-
served under a binocular stereomicroscope. The length,
width and thickness of the caryopsis as well as the length
and width of the embryo area were measured using micro-
scope graticules, and the average values were calculated.

1.4 Field carbonization experiments

Dry wood and branches were burned to carbonize modern
foxtail and broomcorn millet samples for approximately 45
min in a pit of 15 cm depth dug into the ground. Four dif-
ferent methods were used to char the samples: (1) samples
were buried in a hole 3-5 cm deep covered with soil at the
bottom of the fire stack; (2) samples were placed on the
ground at the bottom of the fire stack; (3) samples were
distributed around the fire stack; and (4) samples were
placed in the center of the fire stack.

1.5 Observation of starch ultrastructure in the
endosperm by SEM

Observation of cross-sections of foxtail and broomcorn
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millet caryopses showed that they were composed of three
parts, namely the seed coat, embryo and endosperm [23].
Starch is a natural crystalline polymer and is the main con-
stituent of the endosperm of mature seeds in herbaceous
plants [24,25]. Starch granules are clustered in an orderly
manner with amylase and amylopectin and in structure con-
sists of a crystalline section alternating with a non-crystal-
line section [26]. Observation of the size, shape, configura-
tion and arrangement of the starch granules using an SEM is
fundamental for analysis of the ultrastructural characteris-
tics of seeds heated at different temperatures.

The following samples were selected for examination of
their ultrastructural characteristics: (1) modern millets
without treatment, (2) millets subjected to laboratory car-
bonization, (3) fossil millets from archaeological layers
from each site and the prehistoric storage cellar at the Be-
iniu Site, and (4) millets subjected to field carbonization. A
rupture in the central part of the kernel was made by spin-
ning and striking the kernel with a blade while clamped, and
then it was chipped along the breakpoint with the blade. The
fracture surface of the samples was observed and photo-
graphed with a Zeiss Evo Mal0 SEM (Carl Zeiss SMT Ltd,
Cambridge, England) after being affixed to sample stages
using electroconductive double-sided tape.

2 Results

2.1 Morphological changes in the laboratory carbonized
seeds

Vertical step of the changes in morphological features of
foxtail and broomcorn millets with heating are presented in
Figure 1(a), (b). The endosperm and embryo area of the
caryopsis heated at 50°C or 100°C for 3 h showed no evi-
dence of charring. The embryo area of the caryopsis heated
at 150°C was obviously carbonized, but no changes were
seen in the seed coat except that the color slightly deepened
with increasing heating time, finally turning brown after
heating for 8 h. There were no significant changes to each
morphological feature of the caryopsis, except that the em-
bryo area width was distinctly shortened (<-5%), at tem-
peratures below 200°C. The caryopsis tended to shrink
gradually with rising temperature and increasing heating
duration. For foxtail millet, in particular, the caryopsis
length increased by 1.80% after heating at 100°C for 3 h but
was reduced by 3.10% at 200°C for 1 h. The caryopsis
width was reduced by 0.28% to 3.79% and the caryopsis
thickness was reduced by 1.83% to 7.00%. For broomcorn
millet, the caryopsis length was reduced by 1.10% to 2.66%,
and the caryopsis width was reduced by 0. 80% to 1.84%.
The seed coats of kernels heated at 200°C for only 0.5 h
were charred to black, but their shape did not change sig-
nificantly over time. The data showed that all of the kernel
features tended to shrink to some extent, except for a slight
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increase in caryopsis thickness (Table 1), which, in turn,
changed the ratios of several important characteristics of the
kernel. The caryopsis length:width ratios showed no signifi-
cant change for foxtail and broomcorn millet, whereas the
embryo area length:width ratios tended to increase for foxtail
millet but decreased for broomcorn millet. The ratios of cary-
opsis length to embryo area length increased for broomcorn
millet, whereas the ratio of caryopsis length to embryo area
length showed no significant change trends for foxtail millet.

At 250°C, kernels heated for only 0.5 h were very
charred and showed similar shape characteristics for differ-
ent charring times. The kernels became substantially de-
formed and exhibited bulging due to the high temperature.
A lipid that exuded from the kernels while they were being
charred coagulated when cooled, and the kernels adhered
together owing to the lipid. The morphological features
changed significantly in foxtail millet. The length, width
and thickness of the caryopsis and embryo area width all
increased notably, but the embryo area length decreased
significantly. The broomcorn millets were too badly de-
formed to be measured after heating at 250°C.

The carbonized grains were deformed so badly at 300°C
that both the foxtail and broomcorn millets became partially
ashen while exuding lipids and exhibited bursting. Alveo-
late cavities also occurred, making it impossible to measure
the morphological features of both millets.

2.2 Ultrastructural characteristics of the modern and
fossilized millets

Observation of the shape and size of starch granules in dif-
ferent parts of the modern millet endosperms using an SEM
showed that the arrangement of the starch granules in fox-
tail millet had a regular pattern. Starch granules are charac-
terized by their crystalline structure. The endosperm con-
tained both ‘hard’ and ‘soft’ areas. The ‘hard’ area on the
fringe of the endosperm had a tightly packed cellular ar-
rangement with no air spaces and the starch granules are
polygonal shapes (Figure 2(a)). In these cells very small
starch granules were covered by a thin layer of protein. The
proteins left large indentations on the margins of the starch
granules. In contrast, the ‘soft’ endosperm area contained
relatively large air spaces and the cells were loosely packed.
These cells contained spherical starch granules (Figure
2(b)), and protein bodies appeared to be absent [27]. Cavi-
ties were clearly evident in many fractured starch granules
(Figure 2(c)). For broomcorn millet, the shape and size of
the starch layers and constituents varied in different parts of
the endosperm. Starch granules and protein were the major
constituents of the endosperm cells in both the ‘hard’ and
‘soft’ areas. Protein bodies were embedded in the protein ma-
trix that covered the starch granules [23]. The shape of the star-
ch granules was predominantly polygonal and supplemented
by spherical granules (Figure 3(a),(b)). The granules were
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Figure 1 Changes in morphological characteristics (a) and ratios of specific morphological characteristics (b) of caryopses of broomcorn millet (left) and
foxtail millet (right) with increasing temperature. Numbers 1-14 on the x-axis represent different heating conditions as follows: 1, Heating at 50°C for 3 h; 2,
heating at 100°C for 3 h; 3, heating at 150°C for 2 h; 4, heating at 150°C for 8 h; 5, heating at 200°C for 0.5 h; 6, heating at 200°C for 1 h; 7, heating at
200°C for 2 h; 8, heating at 200°C for 4 h; 9, heating at 200°C for 8 h; 10, heating at 250°C for 0.5 h; 11, heating at 250°C for 1 h; 12, heating at 250°C for 2

h; 13, heating at 250°C for 4 h; 14, heating at 250°C for 8 h.

somewhat smaller than those of foxtail millet, which agrees
with the results of previous research [28]. Cavities were also
clearly evident in the center of the starch granules (Figure 3(c)).

The SEM analysis of cross-sections of laboratory car-
bonized samples showed that the ultrastructural characteris-
tics of both foxtail and broomcorn millet caryopses varied
significantly with increasing temperature but remained con-
sistent at the same temperature even if the heating duration
increased. Millet samples heated to 50, 100 or 150°C re-
tained strong resistance to charring (Figures 2(d), 3(d)),

similar to that of intact kernels. At temperatures up to
200°C, the submicroscopic cracks appeared in the en-
dosperm (Figure 2(f)) but no structural changes occurred in
the starch granules (Figures 2(e), 3(e)). At 250°C, starch
granules were destroyed and became indistinguishable, and
their structure became amorphous in foxtail millet (Figure
2(g)). For broomcorn millet, the central part of the endosperm
became amorphous (Figure 3(f)), but the peripheral area
showed no changes after heating at 250°C for 30 min. After
heating at 250°C for 8 h, the structure in the peripheral part
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Table 1 Changes in morphological characteristics of foxtail and broomcorn millet caryopses heated at 200°C*

Change in caryopsis (%)

Change in embryo area (%) Change in ratio of caryopsis length

Species Heating duration (h)

L W T L/'W L W L/'W to embryo area length (%)
0.5 -3.10 -2.03 021 -1.09 0.06  -8.07 9.07 -3.07
1 -1.69 -1.53 1.84 -0.12 473 -9.82 5.79 3.29
Foxtail millet 2 -1.09 -1.91 0.55 0.68 3.09 -10.85 16.17 -3.10
4 -1.60 -2.81 0.78 1.25 -0.78  -1.96 1.36 -0.79
8 -3.65 -3.50 054 -0.15 -4.13 226 -1.87 0.55
0.5 -1.76 -2.21 -1.21 0.45 -490 -2.72 -2.25 3.49
1 -1.90 -1.78 -126 -0.13 -726  -4.86 —2.44 6.25
Broomcorn millet 2 -2.32 -2.11 -1.12  -0.21 -8.28  -6.35 -1.89 6.53
4 -3.85 -3.09 -2.82  -0.78 -9.01 -4.84 -4.29 5.75
8 -2.73 -3.51 -1.90 0.80 -10.65  -5.35 -5.55 9.50

a) L, W and T are length, width and thickness, respectively. Data represent
non-treated caryopses (n=>5).

the mean percentage increase or decrease after treatment compared with

Figure 2 Scanning electron micrographs of the cross-sections of foxtail millet caryopses. (a)—(c) Modern caryopses without any treatment; (d) caryopsis
heated at 150°C; (e)—(f) caryopsis heated at 200°C; (g) caryopsis heated at 250°C; (h) caryopsis heated on the ground at the bottom of the fire stack in the
field carbonization experiment; (i) caryopsis obtained from the Nansha Site culture layer; (j) caryopsis heated at 300°C; (k)—(1) caryopsis extracted from the

archaeological pit at the Beiniu Site.

of the endosperm was amorphous (Figure 3(g)). Following
heating at 300°C, the cells became alveolate cavities and no
starch granules were observed (Figures 2(j), 3(j)).
Examination by SEM of the cross-sections of the fossil
seeds showed that kernels from the Yangshao culture layer

had an obviously amorphous structure (Figures 2(i),3(j)).
However, kernels from the prehistoric storage cellar at the
Beiniu Site retained their crystalline structure in the absence of
starch, and the cavities were arranged tightly in the endosperm
(Figures 2(k),3(k)). In addition, the cavities gradually
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Figure 3 Scanning electron micrographs of the cross-sections of broomcorn millet caryopses. (a)-(c) Modern caryopses without manual handling; (d)
caryopsis heated at 150°C; (e) caryopsis heated at 200°C; (f) caryopsis heated at 250°C for 0.5 h; (g) caryopsis heated at 250°C for 8 h; (h) caryopsis heated
on the ground at the bottom of the fire stack in the field carbonization experiment; (i) caryopsis obtained from the Manan Site culture layer; (j) caryopsis
heated at 300°C; (k) caryopsis obtained from the archaeological pit at the Beiniu Site; (1) caryopsis distributed around the fire in the field carbonization ex-

periment.

increased in size from the periphery to the central part of the
endosperm in foxtail millet (Figure 2(1))

2.3 Carbonization of caryopses in the field

No sings for carbonization was observed in samples treated
with the soil burial method, whereas different degrees of
charring occurred in samples distributed around or within
the fire stack. The foxtail and broomcorn millet samples
placed on the ground at the bottom of the fire stack were
carbonized to black, but most of the samples maintained a
perfect kernel structure with little change in morphology.
However, a few samples burst and oil oozed through the
ruptures causing deformation. The samples distributed around
the fire stack underwent a greater degree of carbonization.
Most of these samples burst and the organic matter was in-
cinerated; therefore, the morphology of the samples was im-
perfect. The samples placed in the center of the fire stack

were severely charred and most were burnt to ash.

SEM examination of the ultrastructure of samples treated
with each burning method revealed that samples from the
soil burial method retained their freshness. The ultrastruc-
ture of samples placed on the ground at the bottom of the
fire stack was amorphous (Figures 2(h), 3(h)), which was
consistent with the structure of samples from the laboratory
carbonization experiments and the fossil samples from the
cultural layers. The starch granules of the samples distrib-
uted around the fire stack, with crystalline or amorphous
structure absenting, were very different in ultrastructure to
the samples carbonized under other conditions.

3 Discussion and conclusion

There are two main types of carbonized plant remains. One is
formed through desiccation and carbonization under special



Yang Q, et al.

burial conditions without high temperature. Historically, it
was important to preserve cereals in a safe place after har-
vesting, and the most pervasive method was to store them in a
root cellar [29]. A large quantity of fossil millets was found
in the prehistoric storage cellar of the Beiniu Site in Guan-
zhong Basin. Millet kernels from this site retained an intact
shape without any distortion in kernel shape or crystalline
structure in the starch granules. The evidence indicates that
water molecules were not involved in starch crystallization
for these samples [30]. Moreover, the cavity size of the fossil
caryopses from the archaeological cellar tended to increase
gradually from the periphery to the central part of the seed.
This characteristic is consistent with that of the starch granule
size of modern caryopses, which is small at the periphery and
larger in the center. Therefore, fossilized plants from special
burial conditions, such as cellars, can be regarded as a prod-
uct of dehydration without the effects of high temperature.

The other is seed remains obtained from cultural layers. It
is generally acknowledged that they were formed through the
high temperatures of fires because they were usually accom-
panied with charred wood or fossilized charcoal [4,16].
Therefore, the formation methods and origins of carbonized
plant remains have always attracted a great deal of attention
in the field of archaeobotany, and manual carbonization ex-
periments became the main method for exploring solutions to
these problems.

Manual carbonization is a xerothermic treatment that is
performed by placing seeds in a dry and hot condition for a
long period of time. In the present study, comparison of millet
samples heated at different temperatures for increasing time
periods indicated that the morphological features of caryopses
change with differing heating temperatures and time periods.
The severity of the carbonization of caryopses depended on
the temperature rather than the duration of heating. That is, the
duration of heating from 0.5 to 8 h had little effect on the ex-
tent of charring of samples at the same temperature. The
caryopsis tended to shrink gradually at temperatures below
200°C but swelled at 250°C for foxtail millet and even rup-
tured in broomcorn millet. The kernels were covered with
exudations and became so substantially deformed that their
morphological characteristics could not be measured. At
300°C, the kernels became partially ashen with alveolate cavi-
ties. This might be caused by the release of water molecules
from cells induced by heating, which led to dehydration and
shrinkage; however, the temperature was not high enough to
change the structure of starch granules at temperatures
<200°C. However, a rapid loss of water and the carbonization
of organic matter resulted in ultrastructural changes in the
endosperm at temperatures of 250°C and 300°C. Therefore,
temperature, rather than heating duration, was the critical fac-
tor affecting the degree of carbonization of the caryopses.

Comparison of the data for the two millets under differ-
ent heating conditions showed that the kernel shape did not
change much at temperatures lower than 200°C; at 200°C,
the kernel shape was recognizable even though the kernel

Chinese Sci Bull

May (2011) Vol.56 No.14 1501

size changed significantly. At 250°C, the caryopsis shape
changed substantially, especially for broomcorn millet, and
it was difficult to identify the foxtail and broomcorn millets
by features of the caryopsis and embryo area due to the
exudations that covered the kernel bodies. At 300°C, the
shape of the kernels changed beyond all recognition such
that the two millets could not be identified.

The ultrastructural characteristics of the grains carbon-
ized in the laboratory experiments showed that the starch
granules in the endosperm retained their crystalline struc-
ture at 150°C. At 200°C, submicroscopic cracks appeared in
the endosperm caused by water evaporation. At 250°C, the
amorphous structure of the starch granules, which could
barely be recognized in the endosperm, was caused by the
high temperature. In particular, with heating the starch
granules tended to expand and rupture. As a consequence,
the starch was gelatinized and the crystalline structure was
destroyed. The central area of the endosperm was weakly
organized and always the first to undergo disruption in-
duced by heating [31], which was demonstrated by the fact
that ultrastructural changes occurred first in the central en-
dosperm cells in broomcorn millet. At 300°C, the high
temperature caused the starch granules to be carbonized
fully to carbon and other refractory remains, making the
starch granules unrecognizable and transforming their
structure to alveolate cavities. These results clearly demon-
strated that the ultrastructure of the seeds changed signifi-
cantly with increasing temperature, but the heating duration
had no notable effect. This conclusion is consistent with the
analysis of morphological characteristics discussed above.

The amorphous structure of the fossil caryopses from the
cultural layers of the Huiduipo Site, Manan Site, Beiniu Site
and Nansha Site in Guanzhong Basin was caused by pro-
gressive heating to a certain temperature. During the drying
and desiccation process, water molecules from the caryopsis
first involved in crystallization, but then the crystalline struc-
ture was lost due to the high temperature. Finally, the ultra-
structure became amorphous [31]. The ultrastructural charac-
teristics of these fossil caryopses and the modern samples
heated at 250°C were comparable; in both the ultrastructure
was amorphous. Therefore, the temperatures used in manual
carbonization experiments are an important factor for inves-
tigating the formation of carbonized seed remains.

A comparison of the ultrastructural characteristics of
foxtail and broomcorn millet samples treated in the field
carbonization experiment suggested that the samples treated
with the soil burial method were not affected by fire, and no
evidence for carbonization was observed. However, samples
distributed around or within the fire were significantly af-
fected by fire and were charred to varying degrees. This can
be explained by the differing temperatures in different parts
of the fire stack. The samples placed at the bottom of the
fire stack showed the same ultrastructure as the samples
heated at 250°C in the manual carbonization experiments.
This result indicates that the amorphous ultrastructure of a
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seed could only develop under certain conditions (e.g. heat-
ing by baking). Meanwhile, the marked differences in the
ultrastructural characteristics of samples burned with fire
and those from archaeological sites suggest that the carbon-
ized seed remains did not undergo direct burning by fire.

In conclusion, analysis of the ultrastructural characteris-
tics of fossil, modern, manually carbonized and field-
charred caryopses of foxtail and broomcorn millet revealed
that under certain conditions their characteristics were
comparable and provided a basis for the determination of
carbonized conditions. Combined with their morphological
characteristics, a further analysis of the ultrastructural char-
acteristics of manually carbonized and fossil caryopses from
cultural layers revealed that temperatures below 200°C do
not provide enough heat to destroy the crystalline structure
of starch granules. At 250°C, the structure of the starch
granules became amorphous. At 300°C, the kernels partially
turned to ash and became porous. The amorphous structure
of carbonized caryopses recovered from archaeological lay-
ers was consistent with the expected structure of caryopses
carbonized at 250°C. The structure maintained the kernel’s
shape and precluded their decomposition in a buried envi-
ronment. Therefore, supported by the results of our field
burning experiments, we suggest that the fossil caryopses
from the cultural layers were formed at about 250°C by
baking rather than by direct burning by fire.
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