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Abstract Papaya is an economically important plant
in Thailand for domestic consumption and export.
However, papaya is extremely susceptible to disease
caused by the papaya ring spot virus. Although
transgenic papaya has been developed, commercial
cultivation of transgenic plants in Thailand is still
illegal. One concern is cross-pollination to conven-
tional varieties. In this study, windborne-pollen dis-
persion of papaya (Carica papaya L.) was
investigated using geographic information systems
(GIS) and remotely sensed data. Pollen traps were
placed around a papaya plot in eight geographic
directions, with radiuses varying from 5 to 900 m
from the plot. Pollen counts were made for 12
different dates, and data were input into a GIS
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database. The distribution of pollen and its relation
to land use were analyzed using land use data obtained
from Quickbird imagery acquired during 2007. Com-
parative analyses of pollen dispersal, wind direction,
and speed were made using data collected from a
micro-climatic station set up at a papaya plot. The
furthest distance from the plot that pollen was found
was at 0.9 km, a distance at which only 1 pollen grain
was found. The number of pollen grains carried by
wind decreased as distance increased. The direction of
dispersal was not in accordance with wind direction
data. Most pollen grains were found in agricultural
areas and bare land. The total number of pollen grains
found in exposed areas was considerably higher than
the total found in areas sheltered by dense tree lines.
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1 Introduction

Papaya is a very popular fruit in Thailand. It is used in
various traditional recipes, such as spicy green papaya
salad. In addition to domestic consumption, Thailand
exports papaya to 21 countries worldwide (Department
of Customs 2008). Papaya is polygamous species
consisting of three sex forms: male, female, and
hermaphrodite (Eustice et al. 2008). In general, the
hermaphrodite form is most preferable for commercial
uses because of its desirable fruit shape (Yu et al. 2008).
Papaya hermaphrodites bear elongated flowers,
although high temperatures can result in the reduction
of ovaries and cause the flower to function as male. This
is known as reduced elongata (Nakasone and Paull
1998). Papaya fruiting occurs via cross-pollination, self-
pollination, or parthenocarpy (Teixeira da Silva et al.
2007). Pollen production and pollination occur year
round; however, pollen viability and pollination effi-
ciency decline during the summer (as observed by the
number of setting seeds). Anther of reduced elongata
and elongata flowers are dehisced 2 days and 1 day
before flower blooming, respectively. In addition,
stigmas are receptive 3 days before blooming and have
maximum receptivity to the fifth day of anthesis (OECD
2005). Plants start flowering at a height of 1.2 m.
Flowers bloom both in the morning (OECD 2005) and in
the evening (Pares et al. 2002; Sippel et al. 1989).
Papaya is extremely susceptible to the papaya ring
spot virus (PRSV). In Thailand, the PRSV was
discovered in 1975 and affects all growing areas,
especially the northeast. In 1996, an effort to solve this
problem was made by Kasetsart University and the
National Center for Genetic Engineering and Biotech-
nology (BIOTEC) through the development of a
transgenic papaya that is resistant to PRSV. However,
the release of transgenic papaya to the environment is
illegal in Thailand because of safety concerns for the
public. In particular, there are concerns about potential
contamination by cross-pollination to non-GM crops.
A recent issue of interest is pollen dispersion and
pollen concentration that may cause contamination from
one species to another. For instance, seed producers’
concerns about the purity of their seed products recently
reemerged with the development of transgenic plants
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(Treu and Emberlin 2000). Numerous studies investi-
gated and modeled the airborne-pollen dispersion of
crops such as wheat, corn, potatoes, sugar beets,
soybean, and rape seed for oil (Abud et al. 2007;
Bannert and Stamp 2007; Bateman 1947; Ivanovska
et al. 2009; Loos et al. 2003; Paterniani and Short 1974;
Raynor et al. 1972; Scheffler et al. 1993; Scott 1970;
Skogsmyr 1994; Timmons et al. 1995; Tynan et al.
1990; Wagner and Allard 1991). The dispersal distances
found in these studies are varied and depend on several
relevant factors, including climatic conditions, topog-
raphy, and land use. However, there are no published
data on papaya pollen dispersion. This is probably
because papaya is less consumed compared with other
major food crops. The objectives of this research are to
investigate the dispersion of papaya pollen and its
distribution in relation to land use and wind speed and
direction using geographic information systems (GIS)
and remote sensing as analysis tools.

2 Materials and methods

2.1 Seedling preparation and experimental plot
establishment

The study was carried out in 2007-2008 on the
Kamphaengsaen campus of Kasetsart University. Due

| % Hermaphrodite » Female|

Fig. 1 Layout of papaya seedlings planted in the experimental
plot. Hermaphrodites were planted at the center of the plot,
with female plants surrounding them
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to the fact that releasing transgenic plants to the
environment is illegal in Thailand, non-transgenic
papaya (Carica papaya L.) was used for this exper-
iment. However, morphological characteristics
(weight, size, surface and form) of transgenic pollen
and non-transgenic pollen of this variety are report-
edly comparable (BIOTEC unpubl. data). Seedlings
were prepared in a greenhouse. Papaya seeds were
planted in a medium consisting of coconut fiber, soil,
and cattle manure in proportions of 1:1:1, respec-
tively. Four-week-old seedlings were later trans-
planted with 2 x 2 m spacing on a 30 x 32 m
experimental plot. Hermaphrodite plants were
planted at the center of the plot as a pollen source,
and female plants were planted around them

(a)

Fig. 2 The pollen trap consisted of a measurement station
made from a solid gypsum board centrally nailed to the top of a
wooden stake, (a) and a pollen collector made from double-

(illustrated in Fig. 1). The 46-0-0 fertilizer was
applied at an early stage until plants started fruiting;
16-16-16 fertilizer was then applied twice monthly.

2.2 Pollen and climatic data collection

To measure papaya pollen dispersion, a pollen trap
was designed for this study. A gypsum plate was
firmly nailed at its center to a wooden stake. On it,
a very thin double-sided adhesive paper (6.5 X
11.5 cm) was fixed with a rectangular plastic board
that was used as an airborne-pollen collector (Fig. 2).
Pollen traps were installed around the papaya plot in
eight directions (N, NE, E, SE, S, SW, W, and NW)
and at various distances (5, 15, 30, 50, 80, 100, 200,

sided adhesive paper attached to a plastic board (b), which was
put on top of the measurement station
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300, 400, 500, 600, 700, 800, and 900 m; illustrated
in Fig. 3). The height of the pollen measurement
station from the ground to the top was set to 1.5 m,
which is close to the height at which papaya plants
flower. The locations of the plot and traps were input
into a geographic information system (GIS) using the
software ArcGIS 8.0 (ESRI 1999).

Prior to measurements used for the analyses, the
system was calibrated several times using the same
methods as the actual data collection. This ensured
that there was no contamination of papaya pollen
from other sources. Moreover, the isolation of the
plot with regard to other papaya plots was confirmed
by intensive field checks using maps produced from

Fig. 3 Quickbird satellite
imagery acquired in 2007
showing the study area on
the Kamphaengsaen
campus of Kasetsart
University. A papaya plot
was laid out, and pollen
measurement stations were
installed around the papaya
plot in 8 directions at
various distances

1552000

1551500

1551000

25 A5 o

25 km
s = wsssssm O Pollen Trap Papaya plot A
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satellite imagery. There was only 1 other older
papaya plot in the vicinity; it was approximately
1 km away from the study plot and was already
inactive in pollination. We took a total of 12
measurements. Each pollen measurement was taken
either from 7:00-16:00 h or from 17:00-07:00 h in
accordance with the pollination periods in the morn-
ing and evening (OECD 2005; Sippel et al. 1989; see
Table 1). For each measurement, pollen collectors
were placed at all stations and were left for the
duration of the hours of pollination previously
mentioned. Subsequently, the pollen collectors were
removed from the measurement stations, and the
adhesive papers were immediately fixed on slides.

605500

1552000

1551500

1551000
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Table 1 Dates and times of 12 pollen measurements

Date Time of measurement
June 23, 2008 17:00-7:00 h
June 24, 2008 7:00-16:00 h
July 1, 2008 7:00-16:00 h
July 2, 2008 7:00-16:00 h
July 7, 2008 17:00-7:00 h
July 8, 2008 7:00-16:00 h
July 22, 2008 7:00-16:00 h
July 22, 2008 17:00-7:00 h
July 29, 2008 17:00-7:00 h
July 30, 2008 7:00-16:00 h
August 4, 2008 17:00-7:00 h
December 11, 2008 17:00-7:00 h

Slides were marked with date, time, and position, and
then they were safely kept in a slide tray for ease of
transportation and protection from contamination.
Slides were then stained with Safranin O, and pollen
was counted under a light microscope at 20x
magnification. Pollen count data were then input into
a GIS database, and a pollen dispersion map was
produced for all measurements to compare results
with climatic data.

Climatic data, wind speed, and direction were
recorded every 5 min using a micro-climatic station
installed at the center of the papaya plot, as illustrated
in Fig. 4. To analyze the effects of wind speed and
direction on pollen dispersion, wind roses were

Fig. 4 Micro-climatic station installed at the center of the
papaya plot. The station recorded wind speed and direction
every 5 min

created for each measurement using WRPLOT VIEW
version 5.9 (Lake Environment 1998).

2.3 Land use data acquisition

To investigate the relationship between pollen dis-
persion and land use, a land use map was produced
from 0.6 m resolution. Quickbird multispectral data
acquired March 3, 2007. ENVI 4.3 (ITT Visual
Information Solutions 2006) was used to process the
satellite data. Georeferencing was conducted using 32
ground control points with a second-order polynomial
transformation. The result produced a satisfactory
RMS (root mean squared error) of 0.001 m. Ground
truth data were collected and used as training areas
for a supervised classification and accuracy assess-
ment. We then performed a supervised classification
of 3 spectral bands (blue: 450-520 nm; green:
520-600 nm; and red: 630-690 nm) using a maxi-
mum likelihood classifier. The classification resulted
in an acceptable land use map (overall accuracy =
77.9%; Kappa coefficient = 0.7173). There were
some misclassified areas caused by similar spectral
intensity of some land use classes. We improved the
accuracy of the land use map by conducting intensive
field checks and correcting misclassified data. Raster
land use data were then converted to vector data and
overlaid with the pollen dispersion data to analyze
their relationship.
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Fig. 5 The relationship between total pollen and distance from
the pollen source. Total pollen decreased as distance increased.
The number labels on the red dots show the variance of the 12
measurements at each distance; these are high at short
distances and rapidly decrease at longer distances
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3 Results and discussion
3.1 Spatial patterns of pollen dispersion

The results showed that pollen dispersion extended
up to 900 m from the source, and the total pollen
decreased with increasing distance from the papaya
plot. Beyond 100 m, total pollen counts rapidly
decreased. The variability of the pollen count was
very high at short distances and was lower at longer

Fig. 6 The comparison a o

between pollen dispersion

and wind speed, and e
direction were organized o
according to date of L
measurement. The top wesr g e
image of each measurement
is a wind rose plot
representing the distribution
of wind speed and direction.
Color bands show the wind
direction and speed from a
micro-climatic station
installed at the center of the
papaya plot. The length of
the color bands indicates
the frequency of that
direction. The lower image
represents pollen dispersion
measured. Most
measurements show that
pollen distribution was not
in accordance with wind
speed and direction

June 23, 2008, 17:00 - 7:00 hrs

c

July 1, 2008, 7:00 - 16:00 hrs
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distances (see Fig. 5). Interestingly, visually compar-
ative analyses showed that most of the pollen
distribution recorded was not in accordance with
wind speed and direction (Fig. 6). This was probably
caused by the very low wind speed in the Nakhon
Pathom province (the studied area), where very low
annual wind speed (<2 m/s, defined as calm wind)
prevails (Department of Alternative Energy Devel-
opment and Efficiency 2007). This is common in the
tropics (Sharan et al. 1996), and under low wind

b NORTH
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W -1 % =0
B es-114 [ ss-111
] s7-88 - ] s1-88
B 3s-57 [ 2557
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SOUTH
B Papaya plot . 7 M Papaya plot
@® Found . ® Found
Not found Not found
June 24, 2008, 7:00 - 16:00 hrs
d HORTH
WIND SPEED WRND SPEED
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Cams: 86.78% Calms: 82.64%
SOUTH
M Papaya plot 3 M Papaya plot
® Found . ® Found
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July 2, 2008, 7:00 - 16:00 hrs
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Fig. 6 continued e —— i
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July 22, 2008, 7:00 - 16:00 hrs

speeds, the dispersion of airborne particles is irreg-
ular and not always predictable (Carvalho and
Vilhena 2005). Consequently, wind direction and
airborne dispersion under such conditions are difficult
to describe (Anfossi et al. 2005). Apart from wind
speed and direction, other factors, such as seasonal
anomalies of pollen shedding and climatic dynamics,
should be taken into consideration for future studies.

July 22, 2008, 17:00 - 7:00 hrs

3.2 Land use and pollen dispersion

The results show eight principle types of land use in
the studied area. Total pollen in agricultural areas was
higher than in other land use types. The second
greatest amount of pollen fell onto bare land or
cleared areas after harvest. Interestingly, there was
considerably less pollen behind lines of dense tree
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Fig. 6 continued i e
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k

August 4, 2008, 17:00 - 7:00 hrs

stands (aligning from the north to the southwest) than
in other areas (illustrated in Fig. 7). This result is
similar to that found in the study by Goodwille
(1999), who reported that airborne-pollen counts in
exposed areas were different from those in sheltered
sites. Treu and Emberlin (2000) reviewed relevant
studies and reported that vegetation barriers such as
dense hedges or trees depleted airborne pollens,
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altered the impact of airflow, and generated down-
wind sheltered zones.
4 Conclusions

As a field trial, this study showed that the dispersion of
airborne papaya pollen under low wind speed
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Fig. 7 The distribution of

604500

605500

pollens related to land use
shows that most pollen
grains were found in
agricultural areas. Very
little pollen was found in
areas behind dense tree
lines aligning from the
north to the southwest
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conditions was not in accordance with wind direction.
Pollen grains were densely distributed within 100 m
from the papaya plot and dramatically decreased
beyond that range. The farthest distance where pollens
were found was 900 m from the plot. Total pollen
varied in different land use types; the types with the
most pollen were agricultural areas, bare land, and
harvested areas. Moreover, areas sheltered by dense
tree lines had considerably less pollen than exposed
areas. The simple methods used in this study demon-
strate the basic implications of real-life scenarios
relevant to cross-pollination of transgenic plants to
conventional varieties.
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