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Abstract

Identification of pollen grains of cultivated plants is essential in archaeobotanical studies. In this study, we investigated the
pollen morphology of 30 species which are representatives of most of the crop plants in southern China, using a light micro-
scope. Our results show that the pollen grains of these species or genera can generally be identified by their size, aperture(s)
and exine sculpture. We found that: (1) some cultivated cereals can be distinguished from wild species of Poaceae according
to their size frequency combined with their morphological features; (2) the lengths of the equatorial diameter (E), polar axis
(P) and the greatest dimension of the lumina (the size of the network sculpturing) of the exine reticulum may be diagnostic
features to distinguish some brassicaceous vegetables. There are significant differences between the E and P values among
Brassica campestris (B. rapa, oilseed rape, Chinese cabbage), B. alboglabra (B. oleracea var. alboglabra, gai lan, Chinese
kale), B. parachinensis (B. rapa var. parachinensis, choy sum, Chinese flowering cabbage) and B. chinensis (B. rapa ssp.
chinensis, pak choi), but moderate differences in the longer axis length of the reticulum lumina, which provide potential
for identifying species on the basis of pollen grains. We compared the P values and the longer axis length of the lumina of
modern specimens of Brassicaceae pollen grains with those of fossil pollen extracted from the Ming-Qing cultural layer in
the Fuqikou site at Chongqing, China, and found that the fossil pollen grains of Brassicaceae probably represent vegetable
plants related to B. parachinensis. Moreover, we measured the diameters of rice pollen grains from modern paddy fields to
assess the pollen size frequency and found that the size range from ~34 to 38 um is closely associated with rice pollen in
southern China, which can be used to detect pollen signals of human activities in archaeobotanical investigations.
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Introduction gathering land and pasture suggest that the pollen records of
Ambrosia, Polygonum aviculare, Rumex acetosa, Plantago

Pollen associations related to human activities have been lanceolata, Capsella, Achillea and Salsola can be used to

successfully used to interpret ancient agricultural prac-
tices since the 1980s (Dimbleby 1985; Behre 1986; Birks
et al. 1988), as well as human impact on the landscape
based on changes in tree and cereal pollen since the early
1930s—-1940s (Firbas 1937; Iversen 1949). For instance,
some palynological investigations in farmland, hunting and
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reveal the history of large-scale woodland clearance during
the colonization of the New World by Europeans (Berglund
1969; Kvamme 1988; Kaland 1986; Hicks 1993; Carpelan
and Hicks 1995; Fredskild 1988; McAndrews 1988). Fol-
lowing European occupation of Ontario, Canada, tree pollen
such as that from Acer and Fagus decreased, while weed
pollen, such as that from Ambrosia, Plantago, Portulaca
and Rumex, substantially increased (McAndrews and Boyko-
Diakonow 1989). Likewise, in Europe, the replacement of
woodland by farmland and pasture was marked by a decrease
of tree pollen and rise of pollen from cereals and weeds of
cultivated land, including Ambrosia, Plantago, Aster and
Poaceae (Birks et al. 1988). In North America, a decline of
Castanea pollen was attributed to the chestnut blight in the
20th century (Oosting 1956). In northern China, the decline
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of tree pollen, such as that from Tilia, Quercus and Corylus,
has been strongly linked to human activities (Li 1998). To
detect pollen evidence of past human activities, extraction
and analysis of pollen grains of crop plants is an effective
method to trace the cultivation footprints of crops, as well as
to study the origin and history of the spread of early agricul-
ture. At many archaeological sites around the world, cereal-
type pollen grains such as Zea mays and Oryza sativa occur
together with pollen of weeds of cultivated land, such as
Portulaca, Rumex, Plantago and Urtica, indicating contem-
porary agricultural practices (Behre 1986; McAndrews and
Boyko-Diakonow 1989). Based on the results of such inves-
tigations, the living conditions of ancient people and their
environmental settings also can be interpreted (Jones 1994;
Huang and Zhang 2000; Arford and Horn 2004; Sluyter and
Dominguez 2006; Stephen 2010; Zong et al. 2007; Li et al.
2008; Yang et al. 2010, 2012; Rull and Vegas-Vilarribia
2015; Dietre et al. 2016; Grikpédis and Matuzeviciate 2016;
Ma et al. 2016; Josefsson et al. 2017). Therefore research on
the pollen assemblage characteristics of vegetation related
to human disturbances can confirm the influence and inten-
sity of human activities and can also strengthen the connec-
tion between palynology and archaeology (Li et al. 2015).
However, the insufficient anatomical study of modern pollen
of crop plants and limited research methods make it dif-
ficult to identify pollen from archaeological sediments of
plants connected with human activities. Taxonomic stud-
ies of crop pollen morphology to date have used scanning
electron microscopy to distinguish rice pollen from that of
other Poaceae (Andersen and Bertelsen 1972; Kohler and
Lange 1979), or used a pollen size threshold to separate
cereal grains from other grass pollen (Atahan et al. 2008;
Innes et al. 2009; Zong et al. 2007; Zheng et al. 2009). Using
scanning electron microscopy to identify most fossil pollen
in sediments or using size thresholds of rice pollen or even
cereal-type pollen to define them is still not widely applied
by most palynologists. Therefore, reconstructing the natural
environment of ancient peoples or tracing the development
of agriculture by past human societies must be dependent on
accurate identification of crop pollen types and the extrac-
tion of information about human activities from archaeologi-
cal sediments. To date, a number of morphological studies
on crop plants have been done (Nair and Kapoor 1974; Wan
et al. 1992; Wan and Wang 1994; Wang and Ma 1997; Joly
et al. 2007; Varasteh and Arzani 2009; Zhang et al. 2014;
Zhao and Mao 2015; Xu 2015). However many crop plants
still need to be palynologically investigated, especially those
grown in southern China.

In this paper, we present a morphological investigation
of pollen from 30 species belonging to 18 families that are
representatives of the most common crop plants grown in
southern China, using a light microscope. We propose a
quantitative identification method based on the pollen types
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of four cultivated Brassicaceae taxa and Oryza sativa (rice).
The archaeological application of this quantitative identifica-
tion method is also assessed by using it to study fossil pollen
for evidence of human activities.

Materials and methods

Modern pollen samples from 30 species of crop plants
belonging to 18 families were collected from southern
China. The herbarium specimens were kept in the Quater-
nary Environmental Laboratory, School of Earth Science
and Geological Engineering, Sun Yat-sen University (SYSU)
and Nanjing Institute of Geology and Palaeontology, Chi-
nese Academy of Sciences (NIGPAS). Twenty-seven sam-
ples were prepared in the Quaternary Environmental Labora-
tory of SYSU and three were prepared at NIGPAS, and a list
of investigated species and voucher specimens used in this
study, as well as notes on the crop types, are summarized in
Table 1. The pollen slides were prepared by mounting pollen
grains in glycerin jelly after acetolysis treatment with acetic
anhydride and sulphuric acid in a ratio of 9:1.

Ancient sediment samples were selected from two pro-
files, the GZ-2 core and from the Fugikou archaeological site
in southern China, to detect pollen signals of human activi-
ties. The GZ-2 core (22°42.339'N, 113°30.831'E and 0.68 m
a.s.l.) is located in Wangingsha, Panyu district in the south-
eastern part of the Pearl river delta plain (Fig. 1), and the
top 14 m of this sediment sequence was deposited since the
Holocene period (Wang et al. 2009). The Fugikou archaeo-
logical site (29°12"25"N, 108°45"26"E and 399 m) is located
in the Qianjiang district, Chongqing, upper Yangtze river
(Fig. 1). The whole profile has a depth of 3 m and consists of
cultural layers deposited since the Eastern Zhou dynasties;
the radiocarbon age of the sample from the bottom of the
profile is ca. 5,517 + 54 cal yrs Bp (Li et al. 2011). Accord-
ing to the characteristics of the pollen spectra, samples from
the GZ-2 core dated to ca. 2,200 cal yrs Bp were selected,
where Poaceae pollen showed a remarkable increase and
a peak value. Two samples from the cultural layers of the
Ming-Qing dynasties at the Fugikou archaeological site were
selected, where Poaceae and Brassicaceae presented signifi-
cantly high values. To ensure data consistency and accuracy,
Poaceae and Brassicaceae pollen grains of these samples
were observed and measured in detail on the same slides,
which were prepared in earlier studies by Wang et al. (2009)
and Li et al. (2011).

All pollen grains were observed and photographed in both
polar and equatorial views at a magnification of 600X or
1,000 using a Nikon E200 light microscope (LM) equipped
with a COOLSNAP 5.0 camera. The pollen dimensions
obtained and given in the description of each species are
the average of measurements of at least 20 pollen grains.
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Table 1 List of examined crop plants and voucher information of specimens
Crop types Family Species Common names Voucher
Grains Poaceae Zea mays L. Maize, sweet corn KK3, Mao
Oryza sativa L. Rice KK2, Mao
Polygonaceae  Fagopyrum esculentum Moench Buckwheat 061100, Mao
Fabaceae Pisum sativum L. Pea YZ842, Yang
Vegetables Brassicaceae  Brassica alboglabra Bailey (B. oleracea var. Gai lan, Chinese kale YZ1391, Yang
alboglabra L.H. Bailey)
Brassica parachinensis L. (B. rapa ssp. parachinen-  Choi sum, Chinese flowering cabbage YZ1390, Yang
sis (L.H. Bailey) Hanelt)
Brassica chinensis L. (B. rapa ssp. chinensis (L.H. Pak choi YZ1392, Yang
Bailey) Hanelt)
Cucurbitaceae ~ Momordica charantia L. Bitter melon YZ918, Yang
Luffa cylindrica (L.) Roem. (L. aegyptaica Mill.) Sponge gourd YZ920, Yang
Solanaceae Solanum melongena L. Eggplant, aubergine, brinjal YZ1288, Yang
Solanum lycopersicum L. Tomato YZ1287, Yang
Capsicum annuum L. Sweet pepper, chili YZ1286, Yang
Rutaceae Zanthoxylum bungeanum Maxim. (Z. simulans Chinese pepper, prickly ash YZ1543, Yang
Hance)
Amaranthaceae Amaranthus mangostanus L. (A. tricolor L.) Edible amaranth YZ1491, Yang
Asteraceae Lactuca sativa L. Lettuce YZ1021, Yang
Apiaceae Apium graveolens L. Celery YZ1322, Yang
Coriandrum sativum L. Coriander YZ1323, Yang
Amaranthaceae Spinacia oleracea L. Spinach YZ1093, Yang
Liliaceae Allium fistulosum L. Bunching onion, scallion YZ677, Yang
Asteraceae Chrysanthemum coronarium L. (Glebionis coro- Garland chrysanthemum YZ1018, Yang
naria (L.) Spach var. coronaria)
Fruits Rutaceae Clausena lansium (Lour.) Skeels Wampi YZ1545, Yang
Sapindaceae Dimocarpus longan Lour. Longan YZ1464, Yang
Litchi chinensis Sonn. Lychee YZ573, Yang
Musaceae Musa nana Lour. (M. acuminata Colla) Banana YZ673, Yang
Musa basjoo Sieb.et Zucc. Chinese banana YZ667, Yang
Caricaceae Carica papaya L. Papaya, pawpaw YZ65, Yang
Anacardiaceae  Mangifera indica L. Mango YZ531, Yang
Oil crops Brassicaceae Brassica campestris L. (B. rapa L.) Oilseed rape, Chinese cabbage YZ1393, Yang
Euphorbiaceae  Ricinus communis L. Castor oil plant YZ775, Yang
Economic crops Malvaceae Gossypium hirsutum L. Cotton Y7967, Yang

The descriptions of pollen morphology follow previously
published works (Kremp 1965; Moore et al. 1991; Punt et al.
2007; Hesse et al. 2009).

In order to find out whether we could distinguish pollen
grains of different species of Brassicaceae, we measured
the equatorial diameter (E), polar axis (P) and the longer
dimension of the reticulum lumina (DI) from four selected
Brassica species to compare their morphological parameters
(Fig. 2). We simultaneously measured the E and P values
of 50 pollen grains of each of the four Brassica species at
a magnification of 600X or 1,000x using light microscopy.
For the lumina dimensions DI, we chose ten pollen grains
of each species to measure the longer dimension of their
reticulum lumina, the network pattern of the exine. Two

hundred lumina were measured for each species, and the
larger ones between the colpi when seen in equatorial view
were preferred (Fig. 2). In addition, P (polar) axes from 100
fossil pollen grains of Brassicaceae from archaeological
sites were also measured to compare with the modern bras-
sicaceous crop plants. To better distinguish the relationship
between subfossil Brassicaceae and modern Brassica pol-
len, we carried out a correlation analysis and calculated the
similarity scores among the polar axis P and longer dimen-
sion of the lumina DI for fossil and modern Brassicaceae
pollen using SPSS software (Fig. 2). In general, the largest
similarity scores indicated that the fossil pollen samples had
close modern counterparts. For rice pollen, we measured the
diameters of pollen grains collected from subtropical rice
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Fig.1 The locations of the Fugikou site and GZ-2 core in southern
China

Fig.2 Pollen morphology of Brassicaceae and features measured.
Left E, pollen in equatorial view and P, polar dimension; centre, pol-
len in polar view and equatorial dimension; right, pollen in equatorial
view and DI, longer dimension of lumina of the reticulum

fields and combined these data with pollen exine sculptur-
ing patterns for the purpose of identifying fossil Poaceae
pollen types.

Results
Pollen class and description

We classified pollen into six pollen morphological types for
the 30 investigated species of crop plants. They were inap-
erturate, monocolpate (one colpus, or furrow), monoporate
(one pore), tricolpate (three colpi), tricolporate (three colpi
with pores), and periporate (many pores). The pollen classes,
their corresponding species, and references to the pollen
illustrations are presented in Table 2. The nomenclature of
the taxa is according to Flora of China Editorial Committee
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(2006), with the international scientific names and English
and/or Chinese names given in brackets.

Brassicaceae

Brassica campestris L. (B. rapa, oilseed rape, Chinese cab-
bage) (Plate I, 1-5, YZ1393, Yang). Pollen grains subsphe-
roidal, trilobate (having three lobes or parts, as when there
are three colpi or furrows dividing the grain), circular in
polar view, P22 (25) 28 X E18 (23) 28 um minimum, (aver-
age) and maximum dimensions, tricolpate, colpi slender
and long, extending to poles, sculpture reticulate, lumina
uniformly distributed and irregular in size and shape, muri
(ridges or walls between lumina of reticulum) granular, sex-
ine (the outer sculptured part of the exine, the pollen wall)
formed from columellae, exine ca. 1-2 pum thick.

B. alboglabra Bailey (B. oleracea var. alboglabra, kai lan,
Chinese kale) (Plate I, 6-10, YZ1391, Yang). Pollen grains
subspheroidal or prolate-spheroidal, P16 (24) 34 X E16 (20)
27 um, morphology similar to B. campestris except in size.

B. parachinensis (L.) Bailey (B. rapa ssp. parachinen-
sis, choi sum, Chinese flowering cabbage) (Plate I, 11-15,
YZ1390, Yang). Pollen grains spheroidal, trilobate, circular
in polar view, P19 (24) 29 X E21 (25) 28 um, morphology
similar to B. campestris and B. alboglabra except in size.

B. chinensis L. (B. rapa ssp. chinensis, pak choi) (Plate
I, 16-20, YZ1392, Yang). Pollen grains prolate-spheroidal,
P23 (28) 35 E19 (25) 35 um, morphology similar to the
above three species.

Cucurbitaceae

Momordica charantia L. (bitter melon) (Plate II, 1-4,
YZ918, Yang). Pollen grains spheroidal, trilobate, circular in
polar view, P63 (68) 72 X E62 (66) 68 um, tricolporate, colpi
wide and long, extending to poles, pores circular, sexine
around pores somewhat thickened and protruding, sculpture
finely reticulate, exine ca. 4 um thick, reticulate network
coarser than in Luffa cylindrica.

Luffa cylindrica (L.) Roem. (L. aegyptaica Mill., sponge
gourd) (Plate II, 5-8, YZ920, Yang). Pollen grains spheroi-
dal, trilobate, circular in polar view, P63 (70) 72 X E62 (65)
68 um, tricolporate, colpi slim and long, extending to poles,
pores circular, sexine around pores slightly thickened and
protruding, sculpture finely reticulate.

Solanaceae

Solanum melongena L. (eggplant, aubergine, brinjal)
(Plate II, 9-13, YZ1288, Yang). Pollen grains spheroi-
dal, trilobate, circular in polar view, P20 (23) 25X E18
(20) 23 um, tricolporate, colpi long and wider at ends,
extending to poles, pores lalongate (laterally elongated;



Vegetation History and Archaeobotany (2018) 27:781-799

785

Table 2 Pollen anatomical class, corresponding species and pollen illustration reference

Pollen class

Species

Illustration index

Inaperturate Musa nana (M. acuminata, banana) Plate 111, 22, 23
M. basjoo (Chinese banana) Plate 111, 20, 21
Monocolpate Allium fistulosum (bunching onion, scallion) Plate VII, 9-11
Monoporate Oryza sativa (maize, sweet corn) Plate VII, 12-14
Zea mays (rice) Plate IV, 10-11
Tricolpate Brassica alboglabra (B. oleracea, kai lan, Chinese kale) Plate I, 6-10
B. chinensis (B. rapa ssp. chinensis, pak choi) Plate I, 16-20
B. campestris (B. rapa, oilseed rape, Chinese cabbage) Plate I, 1-5
B. parachinensis (B. rapa ssp. parachinensis, choi sum, Chinese flowering cabbage) Plate I, 11-15
Tricolporate Apium graveolens (celery) Plate VI, 12-16
Capsicum annuum (sweet pepper, chili) Plate II, 18-21
Chrysanthemum coronarium (Glebionis coronaria, garland chrysanthemum) Plate VI, 1-4
Clausena lansium (wampi) Plate III, 6-10
Carica papaya (papaya, pawpaw) Plate IV, 1-5
Coriandrum sativum (coriander) Plate VI, 17-20
Dimocarpus longan (longan) Plate III, 11-15
Fagopyrum esculentum (buckwheat) Plate V, 1-2
Litchi chinensis (lychee) Plate 111, 16-19
Luffa cylindrica (L. aegyptaica, sponge gourd) Plate II, 5-8
Lactuca sativa (lettuce) Plate VI, 5-8
Momordica charantiap (bitter melon) Plate I1, 1-4
Mangifera indica (mango) Plate VII, 1-5
Pisum sativum (pea) Plate V, 5-8
Ricinus communis (castor oil plant) Plate IV, 6-9
Solanum melongena (eggplant, aubergine, brinjal) Plate II, 9-13
S. lycopersicum (tomato) Plate II, 14-17
Zanthoxylum bungeanum (Z. simulans, Chinese pepper, prickly-ash) Plate III, 1-5
Periporate Spinacia oleracea (spinach) Plate VI, 9-11

Amaranthus mangostanus (A. tricolor, edible amaranth)

Gossypium hirsutum (cotton)

Plate VII, 6-8
Plate V, 3,4

compound aperture with shape of transversely elongated
endoaperture), the exine thickened and protruding around
aperture, sculpture faint.

Solanum lycopersicum L. (tomato) (Plate II, 14-17,
YZ1287, Yang). Pollen grains spheroidal or prolate-sphe-
roidal, trilobate, circular in polar view, P20 (23) 25X E18
(20) 23 pm, tricolporate, colpi constricted in middle and
almost joined, gradually widening, extending to poles,
pore lalongate, exine around aperture somewhat thickened,
sculpture faint.

Capsicum annuum L. (sweet pepper, chili) (Plate II,
18-21, YZ1286, Yang). Pollen grains prolate-spheroidal,
trilobate, circular in polar view, P20 (23) 25 X E18 (20)
23 um, tricolporate, pores lalongate with membrane, colpi
wide and long, extending to poles, the distance between
pores and colpi almost equal, exine thickened around pore,
sculpture unclear.

Rutaceae

Zanthoxylum bungeanum Maxim (Z. simulans Hance, Chi-
nese pepper, prickly ash) (Plate III, 1-5, YZ1543, Yang).
Pollen grains prolate-spheroidal, subcircular in polar view,
P18 (21) 23xE16 (18) 21 um, tricolporate, colpi slim and
long, extending to poles, pores narrow and linear, similar
in width to colpi, exine protruding and thickened around
aperture, ca. 1.5-2 um thick, sculpture reticulate, lumina
irregular in shape and varying in size.

Clausena lansium (Lour.) Skeels (wampi) (Plate III,
6-10, YZ1545, Yang). Pollen grains perprolate (elongated,
polar axis more than 2 X equatorial diameter), trilobate,
circular in polar view, P23 (26) 29 X E16 (17) 21 pm, tri-
colporate, colpi wide and long, extending to poles, pores
lalongate, exine thickened and protruding around aperture,
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Plate | Tricolpate. Brassi-
caceae: 1-5, Brassica camp-
estris (B. rapa, oilseed rape,
Chinese cabbage); 610, B.
alboglabra (B. oleracea, kai
lan, Chinese kale); 11-15,
B. parachinensis (B. rapa
ssp. parachinensis, choi sum,
Chinese flowering cabbage);
16-20, B. chinensis (B. rapa
ssp. chinensis, pak choi)

sculpture clearly reticulate, lumina irregular and of various
sizes, exine ca. 2 um thick.

Sapindaceae

Dimocarpus longan Lour. (longan) (Plate III, 11-15,
YZ1464, Yang). Pollen grains oblate (wider than tall, flat-
tened), obtuse triangular in polar view, P18 (20) 24 X E15
(16) 18 um, tricolporate, colpi wide and become narrow,
extending to poles, pores large and subcircular, wider than
colpi, sculpture faint granular.

Litchi chinensis Sonn. (lychee) (Plate III, 1619, YZ573,
Yang). Pollen grains oblate, trilobate triangular in polar

@ Springer

view, P14 (15) 18 X E18 (20) 24 um, tricolporate, colpi slim,
extending to poles, pores large and ellipsoidal and larger
than the width of the colpi, sculpture faint.

Musaceae

Musa basjoo Sieb. et Zucc. (Chinese banana) (Plate III, 20,
21, YZ667, Yang). Pollen grains spherical or subspheri-
cal with wrinkled exine, shape and size irregular, diameter
50-85 um, no colpi or pores, exine ca. 1 um thick, sculpture
faint finely granular.

Musa nana Lour. (M. acuminata Colla, banana) (Plate
101, 22, 23, YZ673, Yang). Pollen grains spherical or
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Plate Il Tricolporate. Cucur-
bitaceae: 1-4, Momordica
charantia (bitter melon); 5-8,
Luffa cylindrica (L. aegyptaica,
sponge gourd); Solanaceae:
9-13, Solanum melongena
(eggplant, aubergine, brin-

jal); 14-17, S. lycopersicum
(tomato); 18-21, Capsicum

annuum (sweet pepper, chili)

subspherical, irregular shape and size, diameter from 40 to
65 um, no colpi or pores, exine thin and outline wavy, sculp-
ture faint, finely granular.

Caricaceae

Carica papaya L. (papaya, pawpaw) (Plate IV, 1-5, YZ65,
Yang). Pollen grains spherical, trilobate, circular in polar
view, equatorial axis ca. 24 um, polar axis ca. 24 pm, tri-
colporate, colpi narrow, long and constricted in the middle,
pore lalongate, sculpture clearly reticulate, lumina subcircu-
lar and regular in size.

Euphorbiaceae

Ricinus communis L. (castor oil plant) (Plate IV, 6-9,
YZ775, Yang). Pollen grains spherical, trilobate, circular

in polar view, P18 (20) 23 X E18 (20) 24 um, tricolporate,
colpi long and almost extending to poles, pores lalongate
and rectangular, exine protruding around pore, sculpture
faint reticulate, lumina irregular in shape and size, exine
ca. 2-2.5 pm thick.

Poaceae

Zea mays L. (maize, sweet corn) (Plate IV, 10-11, KK3,
Mao). Pollen grains spherical or ovoid and large, but
wrinkled after chemical treatment. The shorter axis is ca.
60 um, the long axis ca. 90-100 pm, monoporate, pore
circular, diameter ca. 5 pm with exine thickened around
it, sculpture psilate and slightly wrinkled, exine ca. 2 ym
thick.
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Plate lll Tricolporate (1-19)
and inaperturate (20-23).
Rutaceae: 1-5, Zanthoxylum
bungeanum (Z. simulans,
Chinese pepper, prickly-ash);
6-10, Clausena lansium
(wampi); Sapindaceae: 11-15,
Dimocarpus longan (longan);
16-19, Litchi chinensis (lychee);
Musaceae: 20-21, Musa basjoo
(Chinese banana); 22-23, M.
nana (M. acuminata, banana)

Polygonaceae

Fagopyrum esculentum Moench (buckwheat) (Plate V,
1-2, 061100, Mao). Pollen grains prolate-spherical and
large, trilobate, circular in polar view, polar axis ca.
45 pm, equatorial axis ca. 37 um, tricolporate, colpi slim
and long, extending to poles, pore ellipsoidal, exine pro-
truding around pore, sculpture clearly coarse granular,
exine ca. 2-3 pm thick, many columellae can be observed
in sexine in optical section.

@ Springer

Malvaceae

Gossypium hirsutum L. (cotton) (Plate V, 3, 4, YZ967,
Yang). Pollen grains ellipsoidal, long axis ca. 90-110 um,
short axis ca. 80-95 um, sculpture echinate (spiky) with
uniformly distributed spines ca. 5 pm long, tapering to
a point, polyporate, pores circular and scattered around
sexine, ca. 5 um in diameter, exine ca. 2.5-3 um thick,
sculpture micro verrucate to granulate.
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Plate IV Tricolporate (1-5,
6-10, 14, 15) and monopo-
rate (11-13). Caricaceae:

1-5, Carica papaya (papaya,
pawpaw); Euphorbiaceae: 6-9,
Ricinus communis (castor oil
plant); Poaceae: 10-11 Zea
mays (maize, sweet corn)

Fabaceae

Pisum sativum L. (pea) (Plate V, 5-8, YZ842, Yang). Pol-
len grains elongated, trilobate, circular in polar view, P28
(33) 35xE22 (25) 28 pm, tricolporate, colpi slim and long,
almost extending to poles, gradually narrowed towards pole,
pores lalongate and spherical, exine slightly protruding and
thickened around pore, sculpture psilate and clearly reticu-
late, exine ca. 1.5-2 um thick.

Asteraceae

Chrysanthemum coronarium L. (Glebionis coronaria (L.)
Spach var. coronaria, garland chrysanthemum) (Plate VI,
1-4, YZ1018, Yang). Pollen grains spherical, circular in
equatorial view, polar axis ca. 20-25 pm, trilobate, circu-
lar in polar view, equatorial axis ca. 20-25 um, tricolpo-
rate, colpi slender and long, extending to poles, sculpture
echinate, echinae wide at base and tapering to a point, ca.
3-5 um long and uniformly distributed, columellae clear in
optical cross section of sexine, fine at ends and coarse in
middle, exine ca. 3 um thick.

Lactuca sativa L. (lettuce) (Plate VI, 5-8, YZ1021,
Yang). Pollen grains spheroidal, ca. 20-30 um in diameter,
tri (col) porate, apertures not clear, short colpi and/or elliptic
pori, exine tectate (with a “roof” layer joining the heads of

the columellae), tectum very thick, columellate, echinolo-
phate (fenestrate, with apertures or lacunae in sexine sepa-
rated by spiny ridges), lacunae (large gaps in the sexine)
regularly spaced, spines broad based and merged, tips acute
and long, exine ca. 1-1.5 ym thick.

Amaranthaceae

Amaranthus mangostanus L. (A. tricolor L., edible ama-
ranth) (Plate VII, 6-8, YZ1491, Yang). Pollen grains spheri-
cal, ca. 20-24 um in diameter, polyporate, pores circular,
diameter ca. 3 um, evenly spaced ca. 4 pm apart with some
granules, sculpture between pores granular and uniform,
exine ca. 1-1.5 pum thick.

Spinacia oleracea L. (spinach) (Plate VI, 9-11, YZ1093,
Yang). Pollen grains spherical, ca. 20-25 um diameter, poly-
porate, pores circular and slightly inwardly concave, diam-
eter ca. 2.5-3 um, evenly spaced ca. 4 um apart, exine uni-
formly granulate between pores, ca. 2 um thick.

Apiaceae
Apium graveolens L. (celery) (Plate VI, 12-16, YZ1322,
Yang). Pollen grains elongate with rounded poles in equato-

rial view, trilobate, circular in polar view, P18 (20) 23 xXE12
(15) 18 um, tricolporate, colpi slim and almost extending
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PlateV Tricolporate (1-2,
5-8) and periporate (3, 4).
Polygonaceae: 1-2, Fagopyrum
esculentum (buckwheat);
Malvaceae: 3—4, Gossypium
hirsutum (cotton); Fabaceae:
5-8, Pisum sativum (pea)

to poles, pores ellipsoidal, exine protruding around pore,
sculpture faint, finely reticulate, exine ca. 1-1.15 um thick.

Coriandrum sativum L. (coriander) (Plate VI, 17-20,
YZ1323, Yang). Pollen grains triangular, prism shaped, sub-
angular in equatorial view, obtuse triangular in polar view,
P10 (13) 14xE27 (28) 30 um, tricolporate, colpi slim and
long, almost extending to poles, pores ellipsoidal with exine
protruding around pore, sculpture faint and finely reticulate,
sexine at the poles with clear columellae in optical cross
section, exine ca. 1.5 pum thick.

Anacardiaceae

Mangifera indica L. (mango) (Plate VII, 1-5, YZ531, Yang).
Pollen grains prolate, trilobate, circular in polar view, P22
(25) 28 xXE20 (23) 25 pm, tricolporate, colpi slim and long,
extending to poles, pores lalongate, exine protruding around
pore, sculpture clearly reticulate—striate with muri protrud-
ing and lumina irregular in shape and size, sexine with clear
columellae and uniform distribution in optical cross section,
exine ca. 1-2 um thick.
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Liliaceae

Allium fistulosum L. (bunching onion, scallion) (Plate VII,
9-11, YZ677, Yang). Pollen grains prolate, subcircular in polar
view, polar axis ca. 25-30 um, equatorial axis ca. 17-18 um,
monocolpate, colpi wide and long, extending to poles, sculp-
ture faint reticulate or granulate, exine ca. 1.5-2 um thick.

Poaceae

Oryza sativa L. (rice) (Plate VII, 12-14, KK2, Mao). Pol-
len grains nearly spherical or ovoid, ca. 34-38 um in size,
monoporate with annulus around pore thickened, ca. 2-3 um
in width, large pore ca. 12 um in diameter, sculpture faint
psilate (smooth) (Yang et al. 1996, 2012).

Discussion
The pollen morphological characteristics of 30 species of

crop plants from southern China belonging to 18 families
provide morphological and statistical data for identification
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Plate VI Tricolporate (1-8,
12-20) and periporate (9-11).
Asteraceae: 1-4, Chrysanthe-
mum coronarium (Glebionis
coronaria, garland chrysan-
themum); 5-8, Lactuca sativa
(lettuce); Amaranthaceae: 9-11,
Spinacia oleracea (spinach);
Apiaceae: 12-16, Apium gra-
veolens (celery); 17-20, Cori-
andrum sativum (coriander)

of crop plants according to the shape, size, aperture(s) and
sculpture of the pollen. Morphologically, the pollen grains
are spheroid (Amaranthus mangostanus or Spinacia olera-
cea), prolate spheroid (Brassica chinensis), oblate sphe-
roid (Dimocarpus longan), or irregular spherical (Lactuca
sativa); regarding size, Gossypium hirsutum and Zea mays
have the largest grains and Litchi chinensis the smallest; the
apertures can be tricolporate (Brassicaceae), polyporate or
periporate (A. mangostanus or S. oleracea), monoporate
(Poaceae), or monocolpate (Liliaceae); and the exine sculp-
ture shows a clear reticulum with a small lumen (Brassi-
caceae) or a faint reticulum (Cucurbitaceae). These char-
acteristics provide a reference basis for identification of
the pollen grains and therefore the crop plants which they

represent. However, based on the above features, it is still
difficult to distinguish between the pollen grains of wild
plants and those of related cultivated crops, for example, to
separate wild or cultivated rice from other members of the
Poaceae, or to associate brassicaceous pollen with edible
vegetables such as Brassica taxa. For many crop plants,
it is not easy to identify their pollen at the genus or even
species level. However, if we combine pollen morphologi-
cal features with biometric analysis, it may be possible to
identify some rice pollen types according to the pollen size
distribution, pore diameter and annulus, coupled with the
exine ornamentation of Poaceae. Similarly, it is possible to
distinguish Brassica pollen of cultivated plants from that of
other taxa within the Brassicaceae, by calculating the E/P
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Plate VIl Tricolporate (1-5),
periporate (6—8), monocol-
pate (9-11) and monoporate
(12-14). Anacardiaceae: 1-5,
Mangifera indica (mango);
Amaranthaceae: 6-8, Amaran-
thus mangostanus (A. tricolor,
edible amaranth); Liliaceae:
9-11, Allium fistulosum (bunch-
ing onion, scallion); Poaceae:
12-14, Oryza sativa (rice)

ratio and measuring the lumen size of the reticulum. To use
this pollen morphology data to identify fossil pollen grains,
the environmental and climatic background information and
archaeobotanical data need to be considered.

Identifying pollen grains of Brassicaceae
by statistical methods

Many previous studies have suggested that the pollen mor-
phology of Brassicaceae is highly uniform (Pokrovskaya
et al. 1956; Zhang and Wang 1965; Lan and Cheo 1983;
Deng and Hu 1995; Wang et al. 1995; Tang et al. 2005), and
although it is easy to identify pollen at the family level, it is
difficult to identify it at the genus or even the species level.
In this research project, we examined the pollen of four spe-
cies of Brassica, including B. campestris, B. alboglabra, B.
parachinensis and B. chinensis, and measured their equato-
rial diameters and polar axes as well as the longer dimen-
sions of the lumina in the reticulate sculpturing of the exine.
These data can then be used for their identification using
statistical methods.
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The lengths of the polar axis P and equatorial diameter
E are as follows; B. campestris P 21-26 um, E 22-28 um,
B. chinensis P 21-35 um, E 23-35 um, B. alboglabra P
15-26 ym, E 16-27 pm and B. parachinensis P 19-27 um,
E 21-28 um (Fig. 3, ESM Table 1). The results show that
the longer dimensions of the exine lumina are mainly
1.5-2.1 pm for pollen from the four species and their dis-
tribution ranges are highly similar (Fig. 4, ESM Table 1).
Therefore, it is difficult to distinguish them according to
the lumen dimensions. However, it is possible to sepa-
rate them by the lengths of the polar axes and equato-
rial diameters. The equatorial diameters for B. campestris
and B. parachinensis are mainly 23-27 um, which differ
from those of B. chinensis and B. alboglabra. However,
the polar axes of B. campestris and B. parachinensis are
mainly 22-25 um, B. parachinensis 20-26 um, and the
statistical fiducial inference range is larger than that of B.
campestris. Therefore, by using the data from the com-
bined lengths of the equatorial diameter and polar axis, it
is possible to differentiate the pollen types of these four
species.
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Differentiating rice pollen from wild grass by size
statistics

Identifying Poaceae pollen to the species level with a light
microscope is difficult due to the small number of anatomi-
cal features which are present, such as single pores and
the high similarity of the sculpture patterns in most of the
genera within this family. Previous studies have attempted
to use pollen size to distinguish cultivated rice from wild
grasses (for example, Andersen and Bertelsen 1972; Kohler
and Lange 1979; Wang et al. 1995; Yang et al. 1996, 2010,
2012; Chatuvedi et al. 1998; Shu et al. 2007; Zong et al.
2007; Atahan et al. 2008; Innes et al. 2009). Wang et al.
(1995) suggested that the size of rice pollen was approxi-
mately 42 um, but Yang et al. (1996) and Chatuvedi et al.
(1998) showed that a size of more than 40 pm indicated rice
pollen, and Shu et al. (2007) proposed that the diameter of
rice pollen ranged from 35 to 45 pm in the lower Yangtze
region. A study of modern pollen grains from paddy fields
in subtropical double-cropping rice areas in southern China

T
22 24 2.6 2.8 3 32 12 14 16 18 2 22 24 26 28 3 32
Long axis length of exine lumina (jm)

has been carried out (Yang et al. 2010, 2012). According to
these authors, who sampled pollen from inside and outside
rice paddy fields in Guangdong, Hunan and Hubei Prov-
inces, the diameters of Poaceae pollen grains from more
than 20 surface samples were obtained, and in each sam-
ple at least 100 pollen grains of Poaceae were measured.
The results showed that the pollen size from samples inside
the paddy fields ranged from 16 to 43 pum, but was mainly
distributed between 34 and 38 um, while in samples from
outside the fields, a broad peak spanned approximately
25-36 um (Fig. 5). For comparison with the rice pollen, we
also collected and studied pollen from 11 other species of
Poaceae, including the most common wild grasses in our
study area. For each species, the length of the pollen was
measured in 200 grains. Most of the non-rice Poaceae spe-
cies that we studied had a mean grain length of less than
30 um. However two species, Saccharum arundinaceum and
Heteropogon contortus, had somewhat larger pollen, with
mean grain lengths of 31.21 pm and 35.96 um, respectively
(Fig. 6). They most commonly grow on dry mountain slopes
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Fig.5 Size distribution of modern Poaceae pollen from all samples,
inside and outside field cultivated with rice (modified from Yang
et al. 2012). Each column of the bar graph represents the average of
the total measured values
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Fig.6 Pollen sizes of rice and wild grasses. The minimum, maximum
and mean values are shown for each species, and the decile values
(10% and 90%) for Oryza sativa are indicated (according to Yang
et al. 2012)

rather than near rice paddy fields, so they are unlikely to
be confused with rice. Moreover, some weeds which grow
in the rice fields have pollen sizes that are usually larger
than 40 pm, such as Echinochloa stagnina (Perveen 2006)
and Paspalum conjugatum (Ma et al. 2001), and the pollen
size ranges of the above grass weeds overlap with those of
rice pollen, but many of them are alien herbs which might
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not have grown in ancient paddy fields. For Poaceae pol-
len inside paddy fields, because these rice crops are well
managed with very few weeds growing in them, the num-
ber of grass weeds are very few compared with the rice.
Therefore, the confusion of the pollen size ranges of these
grass weeds overlapping with those of rice pollen would not
affect ancient rice pollen studies in southern China. Using
the morphological features of modern rice pollen grains, we
can tentatively identify Poaceae pollen grains of a diameter
between 34 and 38 um and with a large pore surrounded by
a thickened annulus as rice pollen, associated with human
activities (Yang et al. 2012).

Archaeological case studies for identifying pollen
grains associated with crop plants

To test our statistical methods of pollen identification for
archaeobotanical studies, we used two examples. The first
is a pollen analysis of a sediment core GZ-2 in southern
China and the second is a palynological investigation of the
Fugikou archaeological site in southwestern China (Fig. 2).

The sediment core GZ-2 is located in Wanqingsha, Panyu
district, which is in the southeastern part of the Pearl river
delta plain (Fig. 2). As one of the largest flat regions in
southeastern China, the delta plain has been a highly pro-
ductive area for agriculture since ancient times. An abrupt
rise of Poaceae pollen was found at approximately 2,200 cal
yrs BP in the GZ-2 core, with an average percentage increase
from 10 to 45% and a peak at 68.5%, indicating an expansion
at this time (Wang et al. 2009). Associated with Poaceae,
other pollen types, including Dicranopteris, Pinus, Arte-
misia and Chenopodiaceae, which are typical taxa in the
pollen assemblages of modern surface soil samples in south-
ern China, also showed relatively high values in this zone
(Yang et al. 2012). High frequencies of Dicranopteris, in
particular, are an indicator of tree clearance probably linked
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Fig.7 Size distribution of Poaceae pollen from all samples inside and
outside rice field and samples from the peak zone of Poaceae in the
GZ-2 core (modified from Yang et al. 2012)
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with the beginning of rice growing (Zheng et al. 2004). To
detect pollen evidence of the start of agriculture and rice
growing, we analysed the pollen size distribution of Poaceae
in the peak zone of GZ-2. This was significantly different
from that of modern soil samples collected inside rice fields,
but more consistent with samples from outside the fields
(Fig. 7). In southern China, the earliest evidence of rice
growing is from northern Guangdong Province, Beijiang
river area, which reflects the famous Shixia culture in the
late Neolithic (ca. 4,700-4,200 yrs BP) in the area of the
Xijiang river, while hunting and fishing still dominated in
the study area (Weng 1994; Xiang 2005). Although there is
sporadic evidence of crop growing, ancient people mainly
lived from fishing, hunting and gathering in the Pearl river
delta plain during the Bronze Age (ca. 3,500-2,500 year BP),
based on the occurrence of shell mounds (Weng 1994). By
the Song Dynasty (ca. 990-671 yrs Bp), rice growing rapidly
developed with the immigration of the Han people (Weng
1994; Wen et al. 2004). According to Zong et al. (2009),
at ca. 2,200 cal yrs Bp the location of the GZ-2 core was a
submerged delta front where river sediments accumulated.
Therefore, the Poaceae peak zone in the GZ-2 core does not
represent rice growing there; instead, it probably represents
rice being grown in the upstream area of the Pearl river delta
and its pollen then transported by water to the location of the
coring site. This helps to explain why the sediments of the
Poaceae peak zone have highly mixed assemblages of both
rice and wild grass pollen. In addition, ancient Chinese rice
farming 2,000 years ago was less intensive than its modern
analogues (Chao 1986; Ruddiman and Erle 2009), and the
relatively primitive irrigation techniques may have resulted
in large numbers of wild grasses growing as weeds among
rice in the paddy fields (Yang et al. 2012). However, Zong
et al. (2013) found that agriculture only occurred in a small
area of marsh wetlands along a small river on the northern
edge of the deltaic plain about 2,500-2,200 years ago in
the Pearl river basin, and spread across the plain by about
1,000 years ago, based on sedimentary records, archaeo-
logical evidence and historical records from the investigated
area. Extensive freshwater wetlands developed in the north-
west of the deltaic plain about 2,500 years ago, providing
good habitats for poaceous herbs, which then contributed to
the peak values of pollen from wild grasses, but it is unlikely
that much pollen came from cultivated rice (Fig. 7). The
occurrence of some pollen types from coastal mangrove
communities in the studied layer of GZ-2 further indicates
that poaceous pollen along the coastline tended to be depos-
ited in the underwater delta sediments, because it was such
a short distance offshore (Wang et al. 2009). Thus more evi-
dence is required to confirm whether this Poaceae expansion
is linked with rice cultivation or not.

The Fuqikou archaeological site is located in Gaoqi
village, Lianghe town, Qianjiang district, Chongqing city

(Fig. 2). In the profile from this site, there are many uni-
dentified Brassicaceae taxa along with abundant Poaceae
pollen from the time of the Ming and Qing Dynasties (AD
1368-1912) (Li et al. 2011). Here, we focus on two cul-
tural layers with high percentages of Brassicaceae pol-
len, 07QF(1)9-1 (100-102 cm depth) and 07QF(1)9-2
(102-112 cm depth).

Because a large amount of Brassicaceae pollen in the
archaeological layers is mainly associated with food plants
used by ancient people and because most brassicaceous veg-
etables belong to Brassica, we chose to study the modern
pollen morphology of Brassica. Fifteen Brassica pollen
taxa from earlier studies (Lan et al. 1989) were chosen for
comparison with four species of modern Brassica pollen
in this study and with the brassicaceous pollen from the
archaeological material. The results show that the length
distributions of the polar axes of the archaeological bras-
sicaceous pollen grains were very similar to those of B.
rapa, B. pekinensis (B. rapa ssp. pekinensis), B. alboglabra
(B. oleracea var. alboglabra), B. campestris (B. rapa), B.
chinensis (B. rapa ssp. chinensis) and B. parachinensis (B.
rapa ssp. parachinensis) (Fig. 8). The origin centres of B.
rapa are the Mediterranean coast, Afghanistan, Pakistan
and the outer Caucasus (Guo et al. 2014) and B. pekinensis
is native to northern China (Zhou et al. 1987). Therefore,
these two species of Brassica are exotic in southern China,
so we only took B. alboglabra, B. campestris, B. chinensis,
and B. parachinensis into consideration. We then carried out
a detailed comparison with brassicaceous pollen from the
archaeological material. The polar axis length distributions
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Fig. 8 Pollen polar axis range of modern Brassica and other brassica-
ceous pollen types from the archaeological samples from the Fuqgikou
site. The minimum, maximum and mean values are shown for each
taxon (modified from Lan et al. 1989). Nomenclature according to
Flora of China Editorial Committee (2006)

@ Springer



796 Vegetation History and Archaeobotany (2018) 27:781-799
25 1 A ——— Brassica campestris a Cultural layer | (100-102 cm)
Brassuca chinensis
20 4 Brassica alboglabra | Cultural layer) (102-112 cm)
'g Brassica parachinensis I - |
3 Cultural layer (102-112 cm)
g 15 1 === Cultural layer (100-102 cm) l—-—{Brassicaparachinensis
o
;ﬁ D:,Brassica alboglabra
810
8
5 - Brassica chinensis
[=9
5
|—.—| Brassica campestris
' ~Ne”, —2™N. 7
0 T T T T T T T T T T T T T " T " T " T " T " T " T "T "1 "]
15 17 19 21 23 25 27 29 31 3514 16 18 20 22 24 26 28 30 32 34 36
Polar axis length (um) Polar axis length (um)
45 1 B Brassica campestris b I - Cultural layer {(100-102 cm)
407 i ; i
< Brassica chinensis | Cultural layer | (102-112 cm)
g 35 Brassica alboglabra I - 1
= i i i i rachinensis
=30 Brassica parachinensis | - Brassica par achlmcmls
= 25 1 Cultural layer (102-112 cm) f !
o
bS] 201 = = Cultural layer (100-102 cm) | Brassica alboglabra,
- I 1
=l
2 4
815 - Brassica chinensis |
= ] 1
£ 10
= 5 - Brassica campestris
0 T T T T =

1 12 14 16 18 2 22 24 26 28
Long axis length of exine lumina (pm)

T I T ] T I T | T ] T T T T T T |
32 12 14 16 18 2 22 24 26 28 3 32
Long axis length of exine lumina (um)

Fig.9 Comparison of dimensions. A, a Polar axis length; B, b longer lumen dimension of the reticulum of the pollen grains of four modern
Brassica species and subfossil Brassicaceae pollen from two cultural layers at the Fugikou site, China

of the four modern species of modern Brassica pollen and
of archaeological Brassicaceae pollen from the two cultural
layers are shown in Fig. 9 and ESM Table 2.

The polar axis length of Brassicaceae pollen from the cul-
tural layers is mainly 22-26 um (Fig. 9A, a; ESM Table 2)
and the lumen longer dimension falls in the range from 1.3
to 1.8 um (Fig. 9B, b; ESM Table 2). According to the length
ranges of both the polar axes and the lumina, the ancient
Brassicaceae pollen types might be from the same genus as
the four modern Brassicaceae. The results of the correlation
analysis show the greatest similarities of 0.973 and 0.971 for
the polar axis lengths of the fossil Brassicaceae and the four
modern Brassica pollen types (ESM Table 2). The most sim-
ilar are B. campestris (B. rapa) and B. parachinensis (B.rapa
ssp. parachinensis). Meanwhile, B. parachinensis shows the
highest similarity of 0.994 and 0.996 to fossil Brassicaceae
pollen regarding the lumen length (ESM Table 2). This evi-
dence suggests that growing of the vegetable B. parachin-
ensis (choy sum) around this site began to flourish, and that
oil crops with B. campestris (oilseed rape, Chinese cabbage)
may have already begun to be grown.

With the southward migration of the civilization centre
from the time of the Qin-Han Dynasties (221 Bc—ap 220),
the population of Sichuan Province rapidly grew and brought
the first climax of agriculture along the middle and upper
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reaches of the Yangtze river, associated with massive tree
clearance activities (Wang et al. 2002). By the Tang-Song
Dynasties (ap 618-1279), the woodland cover had decreased
to only 50-60% of its previous extent because of human
activity. The palynological study of the Shiniusi archaeo-
logical sites by Luo et al. (2012) indicated that rice cultiva-
tion probably started before the Ming Dynasty in the study
area, but with no sign of brassicaceous vegetable growing.
In the Ming Dynasty (ap 1368-1644), millions of people
emigrated from the provinces Hunan and Guangdong into
Sichuan, Yunnan and Guizhou (Wang et al. 2002), leading
to the development of farming in the upper Yangtze river
region. In the Fuqikou site, as well as the brassicaceous pol-
len, Poaceae pollen also increases and reaches 30% in the
two cultural layers, and some Poaceae pollen grains have
similar morphological characteristics to those of cultivated
rice. It is assumed that rice growing also developed there
since the Ming and Qing Dynasties (A 1368—1644), but the
site is not suitable for growing rice (Yang et al. 2010, 2012;
Lietal. 2011), or was affected by various processes of flood
alleviation (Li et al. 2011). A remarkable increase of char-
coal concentration and pollen of crop plants, such as Bras-
sicaceae (B. campestris), Poaceae (Oryza sativa) and trilete
spores (Dicranopteris type) generally occurs in archaeologi-
cal sites in the upper reaches of the Yangtze river, suggesting
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significant human activities such as farming in this period
(Lietal. 2011; Luo et al. 2012).

Comparative studies of the pollen morphology of modern
crop plants in southern China and material from archaeo-
logical sites provide a robust basis to explore the agricultural
history and associated human activities represented by these
sites. The use of pollen morphological features of crop plants
together with statistical methods is an effective method to
identify pollen associated with crop cultivation and has still
further potential in archaeobotanical applications.

Concluding remarks

This paper presents the pollen morphological data from rep-
resentative crop plants of 30 species belonging to 18 families
in southern China. Examination of the pollen grains dem-
onstrates that most of them can be accurately identified to
genus or species level as crop plants according to anatomi-
cal features such as pollen size, apertures and exine sculp-
ture. Some of the wild ancestors and cultivated crops can be
distinguished by using both morphological and biometric
data. For Brassicaceae pollen, the equatorial diameter and
length of the polar axis and the greater lumen dimension
are potentially diagnostic to distinguish some brassicaceous
vegetables, such as B. campestris (B. rapa, oilseed rape, Chi-
nese cabbage), B. alboglabra (B. oleracea var. alboglabra,
cabbage mustard), B. parachinensis (B. rapa ssp. parachin-
ensis, choi sum) and B. chinensis (B. rapa ssp. chinensis,
pak choi). For Poaceae, the diameter of pollen grains from
modern rice fields ranges from ~ 34 to 38 um, and the pollen
grains have a large pore surrounded by a thickened exine and
a faint sculpture.

We assessed ancient Poaceae pollen size data from the
Poaceae-rich zone of the GZ-2 core from the Pearl river
delta and compared the data with the modern pollen size of
Poaceae from inside and outside fields in subtropical double-
cropping rice growing areas in southern China. The results
show that the ancient pollen size distribution pattern from
GZ-2 is markedly different from that of the modern sam-
ples collected inside rice fields, but similar to the pattern
of samples from outside them, indicating that the Poaceae
pollen in this zone of GZ-2 does not represent rice growing
at the sampling site. Pollen grains of crop plants belonging
to the Brassicaceae from an archaeological site at Chong-
qing, China can be identified according to the lengths of the
equatorial diameter, polar axis and lumina, based on data
from modern pollen grains of Brassicaceae crop plants.
Our results show that the pollen from the cultural layer is
probably from the vegetable B. parachinensis (B. rapa ssp.
parachinensis, choy sum) and that cultivated rice pollen
grains were also present in the same layer. This study pro-
vides robust pollen morphological keys to identify ancient

pollen grains of crop plants, especially in an archaeobotani-
cal context.
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